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Abstract
Very few studies report properties of phosphonium alkyl bis(fluorosulfonyl)imide 
(FSI) ionic liquids that are superior than their ammonium analogues. Thus the focus 
of this study is to evaluate their properties as a potential electrolyte for lithium (Li) 
battery applications in terms of physicochemical and electrochemical properties, 
cycling performance at a lithium metal electrode and solid electrolyte interphase (SEI) 
formation, lithium metal surface characterisation and full battery device performance. 
Room Temperature Ionic Liquids (RTILs), salts that are liquid at room temperature, 
are a new class of materials having very promising properties for electrolyte 
applications including electrochemical stability, high ionic conductivity and non-
flammability. With these characteristics, RTILs were proposed to replace the 
hazardous and flammable organic solvents used in commercial electrochemical 
devices. There are a few small phosphonium RTILs available on a large scale. These 
have recently been reported to have promising transport and electrochemical 
properties. Herein the focus is on trimethyl(isobutyl)phosphonium 
bis(fluorosulfonyl)imide ([P111i4]+[FSI]-). This small alkyl phosphonium FSI IL 
combines a low viscosity and higher conductivity, which is superior to other well-
studied RTILs, e.g. ammonium ILs in particular, which make them very promising 
candidates for lithium battery applications.
First the physicochemical and electrochemical properties of the P111i4FSI:LiFSI 
electrolytes were determined for a wide range of compositions with the saturation 
concentration being 3.8 moles of LiFSI per kg of IL (i.e. molar ratio LiFSI/P111i4FSI = 
1.2:1) referred to as the highly concentrated IL electrolyte. Techniques employed 
included differential scanning calorimetry (DSC), electrochemical impedance 
spectroscopy (EIS), nuclear magnetic resonance (NMR) and cyclic voltammetry (CV). 
This phosphonium IL was characterised by its high fluidity, high ionic conductivity 
(41 ± 10 mPa.s and 7.3 ± 0.1 mS.cm-1 at 25 °C) and wide electrochemical window (6 
V vs. Ag/AgOTf). The Li+ cation diffusivity was found to exceed that of other ionic 
species in the electrolyte at ambient temperature. 
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At concentrations above 2.0 mol.kg-1 the glass transition temperature is very low (i.e.
– 81.7 ± 0.2 °C for the solution of 2.0 mol.kg-1 of salt in IL), suggesting that the 
electrolyte can be used over a wide temperature range, even including low
temperatures. 
The performance of the IL electrolytes at the Li metal electrode was also studied. Li 
metal batteries are exceeding Li ion in terms of capacity. Li metal electrodes were also 
of particular interest because of their high theoretical capacity, 3860 Ah.kg-1. The 
focus of the project was on the Li surface characteristics since during cycling a SEI 
layer is formed which dictates cycling performance. The SEI formation at the Li
electrode was studied using Li | Li symmetric cells using galvanostatic cycling, 
impedance spectroscopy and scanning electron microscopy imaging during various 
stages of cycling. Unlike commercial organic carbonate-based electrolytes, the highly 
concentrated IL electrolyte shows outstanding lithium cyclability at 25 and 50 °C 
suggesting the electrolyte is electrochemically compatible with Li metal and also 
supports Li+ ion transport. The cells showed excellent cycling efficiency (> 99.3 %) 
even at remarkably high current rates (i.e. 6 mAh.cm-2) over a large number of cycles 
(500). Interestingly Li metal is significantly more stable in the IL electrolyte with the 
highest lithium salt by creation of a uniform nanostructured deposit at the Li electrode. 
This is rather counterintuitive considering the high viscosity and low conductivity at 
such concentration and offers a new approach to electrolyte design.
It is known that the SEI chemically formed at the Li metal electrode plays a critical 
role in the cycling performance of Li. The surface of the SEI after reaction with the 
electrolytes upon cycling was studied using spectroscopic techniques including magic 
angle spinning NMR (MAS-NMR), attenuated total internal reflectance Fourier 
transform infrared spectroscopy (ATR-FTIR) and soft x-ray photoelectron 
spectroscopy (XPS). During cycling, the anion is electrochemically reduced and the 
resulting breakdown products react with the lithium metal surface forming a SEI layer 
consisting of the following chemical species: LiF, LiOH, Li2S, Li2CO3 with traces of 
entrapped RTIL being present. Similarities in chemical composition were observed 
between the SEI formed in both dilute (solution of 0.5 mol.kg-1 of salt in IL) and highly 
concentrated IL electrolytes during cycling. 
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However the main differences were found to be the formation of a thicker SEI with 
larger amounts of reduced species from the anion in the case of the high Li salt 
concentration supporting the above statement regarding superior performance of these 
samples.
Finally, a full battery was made and its performance studied. The full cell consisted of 
a lithium metal anode, a high voltage cathode (NMC: LiNiMnCoO2) and the 
P111i4FSI:LiFSI electrolyte. High charge and discharge capacities as well as reasonable 
rate capability (up to 4 C) are achieved in the highly concentrated IL electrolyte. The 
cells also show a good capacity retention (> 90 %), maintaining a minimal discharge 
capacity of 130 mAh.g-1 over 200 cycles which is close to commercial electrolytes 
using NMC cathodes. This performance was correlated with electrolyte’s transference 
number (increased with increasing salt concentration) and transport properties.
All these findings suggest that P111i4FSI electrolytes with high LiFSI salt concentration 
are superior to commercial organic solvent electrolytes in terms of safety and 
performance.
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Abbreviations
AgOTf silver trifluoromethanesulfonate
BEPy N-n-butyl-N-ethylpyrrolidinium
C2mim N-ethyl-N-methylimidazolium
C4mim N-butyl-N-methylimidazolium
C3mpip N-propyl-N-methylpiperidinium
C4mpip N-butyll-N-methylpiperidinium
C1mpyr N, N-dimethylpyrrolidinium
C2mpyr N-ethyl-N-methylpyrrolidinium
C3mpyr N-propyl-N-methylpyrrolidinium
C4mpyr N-butyl-N-methylpyrrolidinium
DEC diethyl carbonate
DMC dimethyl carbonate
DEME N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium
EC ethylene carbonate
EMC ethyl methyl carbonate
EMI 1-ethyl-3-methylimidazolium
FSI bis(fluorosulfonyl)imide
GC glassy carbon
NMP N-methyl-2-pyrrolidone
P111i4 trimethyl(isobutyl)phosphonium
P1113 trimethyl(propyl)phosphonium
P3331 tripropyl(methyl)phosphonium
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P3321 ethyl methyl dipropyl phosphonium
P3221 diethyl methyl propyl phosphonium
P2221 triethyl(methyl)phosphonium
P2225 triethyl(pentyl)phosphonium
P111(1O1) trimethyl(1-methoxymethyl)phosphonium
P222(2O1) triethyl(2-methoxyethyl)phosphonium
P222(CH2)3CN triethyl cyanopropyl phosphonium
P4441 tributyl(methyl)phosphonium
P4444 tetrabutylphosphonium
Pcytop17026 3,7-dimethyloctane, ethyl, hexyl phosphonium
TFSI or NTf2 bis(trifluoromethanesulfonyl)imide
TMS tetramethylsulfone
VC vinylene carbonate
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Setting the scene
For centuries our society has relied on fossil fuels as a source of energy, the 
combustion reaction being a technological revolution but also resulting in emissions 
of carbon dioxide which have been shown to drive global climate change.1-2 In addition 
to these negative aspects, the limited availability of fossil fuels will be an increasing 
challenge in the near future. Batteries are electrochemical devices that can store 
energy.1 They convert chemical energy into electrical energy. There are many different 
battery technologies available1-2. Some have drawbacks regarding their performance2
(e.g. low potential), safety2 (e.g. flammability) or toxicity2 (e.g. cadmium). On the 
other hand, batteries can be environmentally friendly2 and also act as an energy storage 
device for other sustainable energy systems (e.g. some alternative energies such as 
wind or solar require an energy storage unit to overcome challenges with non-
continuous energy production). 
Lithium batteries2-5 are very promising systems due to their light weight, high energy 
density and power density. Those features make them very attractive for large-scale 
applications such as electric vehicles (EV).6-7 Some main challenges include (i) the 
replacement of flammable solvent-based electrolyte5 (the highly reactive lithium is not 
compatible with aqueous electrolytes and thus requires organic solvents that are 
flammable and can contribute to explosions; Figure 1), (ii) the enhancement of energy 
density4 (the amount of energy stored e.g. the distance a EV can run), (iii) the 
enhancement of power density4 (e.g. the delivery rate e.g. how fast the EV can go) and 
(iv) the cost.2
Figure 1 Damaged Li battery from a Boeing 787 Dreamliner in January 2013 (right, 
http://www.nytimes.com/2014/12/02 retrieved in May 2015)
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An appealing and very promising research approach that is attracting substantial 
interest, judging by the increasing number of publications, involves the replacement 
of hazardous organic solvent electrolytes with non-volatile, non-flammable, 
conductive, electrochemically and thermally stable fluids, known as “ionic liquids” 
(ILs).4, 8-12 However, one principal issue concerning the use of ILs in such systems is 
their compatibility with the cell electrodes and their ion transport properties.10-11 This 
project investigates the properties of a range of new phosphonium-based ILs which 
have received significantly less attention as potential electrolytes for lithium-ion 
batteries.8 The project aims for better understanding of the mechanism of lithium ion 
transport and charge transfer at the negative electrode in these batteries.
Batteries
1.2.1 General principle
Batteries and capacitors are two leading energy storage technologies nowadays.12 They 
are both based on electrochemistry. The fundamental difference is that in batteries the 
charge is stored in the bulk of the electrode material (slower delivery but large amount 
of energy stored) while in capacitors the charge is stored on the electrode surface (fast 
delivery but small amount of energy stored). Batteries can be classified into two 
distinct types:2 primary (disposable) or secondary (rechargeable) batteries. In this 
project the focus is on secondary lithium batteries, with their unique chemistry (as 
shown in Figure 2) allowing them to be electrically reversible.2
A battery is a device that converts chemical energy, stored within the electrode 
materials, into useable electrical energy.2 This energy conversion is achieved by an 
electrochemical reduction-oxidation (redox) reaction between the active electrode 
materials. There are three main components: two electrochemically active electrodes 
(electrically connected) and an ion conductive electrolyte.
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Figure 2 Schematic representation of the charge/discharge mechanism of the Li-ion 
battery 
The anode is the negative electrode which is being oxidised during discharge, e.g. 
release of electrons providing flow of electric current. Lithium batteries are 
particularly attractive since lithium has one of the most negative electrode potentials 
(- 3.05 V vs. SHE) plus it is very light thus combining a high energy and power density, 
all important for the device performance. Here the anode is based on lithium either in 
neat metallic form4 (lithium metal batteries) or being intercalated into graphite (Figure
3) as LiC6 (lithium ion batteries).4 The reaction of lithium being oxidised to lithium 
cations13 is the following:
x in a lithium metal battery: ܮ݅(௦) ՞  ܮ݅(௦௢௟)ା + ݁ି (1)
x in a lithium-ion battery: ܮ݅ܥ଺(௦) ՞ ݃ݎܽ݌݄݅ݐ݁ (6ܥ)(௦) +  ܮ݅(௦௢௟)ା + ݁ି  (2)
The cathode is the positive electrode that is being reduced during discharge, e.g. uptake 
of electrons, previously released by the anode. In lithium batteries it usually consists 
of crystalline transition metal oxides with layered structures5, 14 (e.g LiyMmOo with M 
 WUDQVLWLRQPHWDOLQFOXGLQJOD\HUHGR[LGHVZLWKĮ-NaFeO2 structures (e.g. LiCoO2,
Figure 3), spinel structures (e.g. LiMn2O4) and polyanionic compounds with olivine 
structures (e.g. LiFePO4).14 The insertion of lithium cations into the cathode materials 
lowers the oxidation state of the transition metal thus reducing it.
ܮ݅ଵି௫ܯ௠ ௢ܱ(௦) + ݔܮ݅(௦௢௟)ା + ݔ݁ି ՞  ܮ݅ܯ௠ ௢ܱ(௦) (3)
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Figure 3 Schematics of graphite and cathode material structures 
(http://www.sigmaaldrich.com/technical-documents/articles/material-
matters/electrode-materials-for-lithium-ion-batteries.html, retrieved in March 2014)
The electrolyte contains mobile ions and is an ion-conductive medium that allows the 
internal transfer of ionic charge between the anode and cathode2. Its primary role is to 
balance and separate the charge between the anode and the cathode. During the 
discharge, the anode is oxidised (positive charge around the anode) and the cathode is 
reduced (negative charge). The redox potentials of low-potential anodes such as Li or 
Na exceed the electrochemical stability limit of water, thus making these anodes 
incompatible with aqueous electrolytes.2
Alternatives are non-aqueous organic molecular solvent electrolytes.13 These are 
solutions of organic carbonate based solvents with lithium conducting salts (lithium 
hexafluorophosphate, LiPF6) to enable ionic transport in a high permittivity, low 
viscosity organic carbonate mixture (e.g. ethylene carbonate EC and 
diethylenecarbonate DEC).13 Another class is solid state electrolytes based on ion 
conductive ceramics and gel polymer electrolytes.15-16
As mentioned above, ionic liquids are a promising new class of electrolytes currently 
under investigation.4, 8-9, 11-12 Table 1 summarises the different classes of electrolytes.
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Table 1 Advantages and disadvantages of conventional and new generation 
electrolytes in lithium-ion batteries
Pros Cons
Liquid electrolyte 
(organic solvent)
High conductivity
Low viscosity
High vapor pressure
Low flash point
Limitation at low temperatures 
(< -10 °C)
Flammable
Solid state 
electrolyte
Non flammable
No thermal runaway
High energy density
Slow kinetics
Low ionic conductivity
High interfacial resistance
Poor interfacial contact
Ionic liquids
Non-volatile
Non-flammable (high 
temperature applications)
Low melting point
Wide electrochemical window 
(high voltage application)
Still relatively low 
conductivity and high viscosity
High cost (anion)
1.2.2 Performance indicators
What is the ideal battery? A battery is characterised by:
x high safety: non-toxic electrode materials, non-flammable electrolytes
x high energy density: the amount of energy stored per unit weight or volume, 
(depends on the density of the material and its electrochemistry, described by 
watt-hour per unit weight or volume); specific energy density is calculated as 
the product of specific capacity and averaged output voltage
x high power density: rate of delivery (described by watt per unit weight or 
volume)
x long cycle life with high faradaic efficiency (ratio of charge introduced vs 
charge delivered)
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x high cell potential (energy difference between the two electrode materials)
x high charging/discharging delivery rates (determined by conductivity and 
electrode reaction kinetics)
x wide operating temperature range: mainly limited by the reactivity of the 
electrolytes at charged electrode surfaces
x low cost
x environmentally friendly / recyclable
Figure 4, recently published by Nexergy (http://www.iccnexergy.com/battery-
systems/battery-energy-density-comparison retrieved in November 2013), illustrates 
the energy density and specific energy of lead acid, nickel-cadmium (NiCd), nickel-
metal-hydride (NiMH) and Li batteries. Because of highest energy density and specific 
energy it is of great importance that research focuses on improving lithium batteries.
Figure 4 Energy density and specific energy of rechargeable batteries, sourced from 
Nexergy 2013 (http://www.iccnexergy.com/battery-systems/battery-energy-density-
comparison retrieved in November 2013)
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1.2.3 Lithium batteries
Lithium rechargeable batteries are the most popular electrochemical storage devices 
due to their excellent properties: they have high energy densities, can sustain high 
discharge rates and have long cycle life.17-18 For many years now they have been used 
in smartphones and laptops. More recently they are being considered by the 
automotive industry for electric vehicle (EV) and hybrid electric vehicle (HEV) 
applications.7 Their technology still has to be optimised for a widespread use in electric 
vehicles, and the research in this field is still growing.1, 18-19
The conventional technology established in most commercial lithium ion batteries 
consists of a graphite anode (theoretical capacity 372 mAh.g-1), a liquid electrolyte 
(lithium salt dissolved into organic carbonate solvents) and a lithium cobalt oxide 
(LiCoO2) cathode.18 This technology usually offers a coulombic capacity of 400 Wh.L-
1 minimum, an operating voltage window from 4.2 V to 3.0 V, a discharge capacity 
maintained above 90 % available at a 1 hour discharge current rate (1 C).18, 20
For electric vehicle applications, the need for safe batteries delivering a higher capacity 
with higher C-rate and cycle-ability is critical. Lithium metal (highest theoretical 
capacity 3860 mAh.g-1) is therefore an ideal candidate anode material. The capacity of 
a conventional battery used in smartphones or laptops ranges from 1 to 4 Ah, whereas 
the capacity of a single cell for an EV or HEV has to be in the range of 7 – 10 Ah.7
There have been serious safety concerns raised with such high capacities: a large 
amount of charge being discharged in a very short time can possibly result in internal 
short circuit, fire or explosion.21 These factors are driving researchers to investigate 
novel battery systems based on the lithium technology for high energy density: 
lithium-air and lithium-sulphur batteries are two examples.18
Table 2 illustrates a summary of advantages and challenges for these two systems.
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Table 2 A comparison between lithium-air and lithium-sulfur batteries
Lithium-air18, 22 Lithium-sulfur23-25
Redox 
reaction
2ܮ݅௦ +  ܱଶ ՞  ܮ݅ଶܱଶ 2ܮ݅௦ +  ܵ ՞  ܮ݅ଶܵ
Anode Li metal Li metal
Cathode Porous carbon material Sulfur-carbon composite
Electrolyte Non-aqueous / aqueous Non-aqueous liquid electrolyte
Advantages
High capacity energy storage: 
high theoretical energy density 
(11 250 Wh.kg-1 Li)
Free oxygen (O2) from the air
Large scale energy storage 
applications
Low cost, natural abundance of 
elemental sulfur
High theoretical energy density 
(2500 Wh.kg-1)
Beneficial use of RTILs
Challenges
Challenges of using lithium 
metal previously mentioned 
(formation of Li dendrites, low 
plating / stripping efficiency)
Stability of components to both 
O2 and its reduction products 
(LiOH, H2O2)
Fast diffusion of O2
Challenges of using lithium metal 
previously mentioned: limited 
cycling performance 
(poor capacity retention)
High self-discharge rate
Dissolution of long-chain lithium 
polysulfides into electrolyte
Electrolytes
In the research community a common approach to improve the safety of lithium battery 
technologies has been to develop safer electrolytes.4, 11, 18 A battery with high voltage 
and high performance electrode materials cannot operate if the electrode materials are 
not compatible with the electrolyte. The most important properties for an electrolyte 
are: a wide electrochemical window, high ionic conductivity and thermal and 
electrochemical stability. In most cases of lithium rechargeable battery failure, a
thermal runaway is associated with an electrode process. With transition metal oxides 
it is usually a structural decomposition which goes into thermal runaway and the 
electrolyte becomes a “fuel reservoir” to this process.1, 6, 18
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In 2010 Goodenough et al. reported the electrolyte properties considered as the most 
critical for battery operation: large voltage window, low volatility and non –
flammability.19 In the case of all lithium battery technologies with liquid electrolytes, 
non – aqueous organic carbonate solvents have been mainly used as the electrolyte 
component due to their good electrochemical and transport properties (high ionic 
conductivity, large operating voltage window). Table 3 presents the chemical 
structures and relevant physical properties of the most commonly used organic 
carbonate solvents. The main issues when using these organic carbonate solvents are 
their volatility and flammability (low flash points). In summary, there are main three 
causes of battery failure26:
x An internal short between the two electrodes: this can be caused by lithium 
dendrite growth penetrating through the separator, presence of impurities, 
electrical short circuit (leading to ignition) or mechanical damage.
x A significant heating of the battery.
x A decomposition of the battery components: the electrode (in general the 
cathode) at high voltages (> 4.6 V vs. Li | Li+) due to structural changes during 
delithiation; the electrolyte with a narrow electrochemical window
Table 3 Physical properties of alkyl carbonates traditionally used as electrolytes 
including their melting point (M.P), boiling point (B.P) and flashing point (F.P). The 
data were collected from Merck™ and Sigma AldrichTM websites27-28.
Name Structure M.P (°C) B.P (°C) F.P (°C)
Ethylene 
Carbonate 
(EC)
36 348 150
Propylene 
Carbonate 
(PC)
- 49 243 123
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Name Structure M.P (°C) B.P (°C) F.P (°C)
Dimethyl 
Carbonate 
(DMC)
0.4 - 5 90 14
Diethyl 
Carbonate 
(DEC)
- 43 126 31
Vinylene 
Caronate 
(VC)
19 - 22 162 73
These phenomena lead to a decomposition of the organic carbonate solvents and result 
in thermal runaway.29 Due to these issues, the investigation of alternatives and safer 
electrolytes has become critical for the development of advanced energy storage 
devices based on the lithium chemistry. Therefore the aim of this research is to 
investigate a new class of materials, ionic liquids, as electrolytes for lithium 
rechargeable batteries. The interest in these materials is related to their wide safety 
operating range and similar, if not improved, performance when compared to the 
conventional organic carbonate electrolytes.
1.3.1 Ionic liquids: general properties
Ionic liquid (IL) is the accepted term for low-melting salts, typically melting below 
100 °C and ideally below room temperature10, resulting from weak electrostatic 
interactions of the mainly organic ions (in contrast to high melting inorganic salts with 
strong electrostatic interactions).10 If molten at room temperature, they are typically 
referred to as room temperature ionic liquids (RTILs).11 They are also called “Molten 
Salts” or “Liquid salts”. The first RTIL was discovered by Walden in 1914 and 
chloroaluminate-based salts were synthesised by Hurley and Wier30 in 1951. The 
research on ILs only took off in 1992 when Wilkes and Zaworotko31 reported air and 
water stable imidazolium-based ILs.
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ILs, usually composed of an organic cation (large, asymmetric) and an 
inorganic/organic anion (flexible, small, with a delocalised charge)10 represent a new 
class of room temperature fluids with very interesting properties for electrolyte 
applications as shown in Figure 5. An important property of RTILs is that the charge 
on both cation and anion is spread across the molecule. Another significant property 
is that when the cation is small and asymmetric the lattice energy of the salt is smaller, 
explaining weak intermolecular forces within the salt and lowering melting points.32
RTILs10 are attractive for a wide range of applications including electrochemical 
devices due to their unique physicochemical properties. In particular, ILs were 
proposed as electrolyte components for lithium batteries,19, 33-36 super or ultra 
capacitors,37,38 fuel cells,39 photoelectrochemical cells,40 ionogels41 and also as 
lubricants42 and corrosion inhibitors.43
Figure 5 Main applications for ILs
The following Table 4 lists various types of anion and cation that comprise the most 
commonly studied RTILs (data were collected from Cytec Canada Inc.44 and from the 
Merck™ website27), including their chemical structure and melting points (M.P).
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Table 4 Anions and cations in RTILs, data collected from Cytec Canada Inc.44 and 
from the Merck™ website27
Anion Example of IL
Example of anion 
structure
M.P 
(°C)
Borates
Cyanoborate
1-ethyl-3-methylimidazolium
tetracyanoborate
13
Fluoroborate
triethyl(2-(2-
methoxyethoxy)ethylphosphonium 
tetrafluoroborate
- 50
Halides Chloride
trihexyl(tetradecyl)phosphonium 
chloride
Cl- - 5
Dicyanamides
triethyl(butyl)phosphonium 
dicyanamide
5
Imides (or 
Amides)
bis(fluorosulfonyl)
imide
trimethyl(isobutyl)phosphonium 
bis(fluorosulfonyl)imide
12
bis(trifluoromethan
esulfonyl)imide
trimethyl(hexyl)phosphonium 
bis(trifluoromethanesulfonyl)imide
21
Phosphates
Fluorophosphates
1-butyl-3-methylimidazolium 
hexafluorophosphate
12
Alkylphosphates 
(DMP)
dimethyldiisobutyl phosphonium 
dimethylphosphate
< 25
Fluorohydrogenate
tri-n-butylmethylphosphonium 
fluorohydrogenate
- 24
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Anion Example of IL Example of anion structure
M.P 
(°C)
Sulfates Methylsulfate
tributyl(methyl)
phosphonium 
methylsulfate
liquid
Sulfonates
Triflate 
(trifluorometh
anesulfonate)
triethyl(2-
(2methoxyethoxy)ethyl
phosphonium triflate
- 16
Tosylates
triisobutyl(methyl)
phosphonium tosylate
low 
melting 
solid
Cation Example of IL Example of cation structure M.P 
(°C)
Quaternary 
phosphonium
trimethyl(isobutyl)
phosphonium 
bis(fluorosulfonyl)imide
12
triethyl(methoxyethyl)
phosphonium 
bis(fluorosulfonyl)imide
- 18
triethyl(cyanopropyl)
phosphonium 
bis(fluorosulfonyl)imide
- 8
triethyl((1,3-dioxolane)ethyl)
phosphonium 
bis(trifluoromethanesulfonyl)imide
< -15
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Cation Example of IL Example of cation structure M.P 
(°C)
Quaternary 
ammonium 
ethyl-dimethylpropylammonium 
bis(trifluoromethanesulfonyl)imide
- 11
Imidazolium 1-ethyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide
- 15
Piperidinium 1-methyl-1-propylpiperidinium 
bis(trifluoromethanesulfonyl)imide
9
Pyridiniums 1-butyl-3-methylpyridinium
dicyanamide
16
Pyrrolidiniums 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide
- 6
1.3.2 Ionic liquids as electrolytes for lithium batteries
Before any further discussion it is important to mention that only a few ILs4 are suitable 
as electrolytes for lithium batteries. Figure 6 presents the chemical structure of the 
most common IL cations and anions studied11: the pyrrolidinium cation and the 
bis(fluorosulfonyl)imide and bis(trifluoromethanesulfonyl)imide anions. The 
imidazolium cation has also been the object of numerous publications, in particular the 
1-ethyl-3-methylimidazolium cation due to its low viscosity and low melting points 
with a wide range of anions.45-46 However this cation has a low cathodic stability for 
its practical use in lithium batteries: its cathodic limiting potential is more positive than 
the redox potential of lithium (ca. + 1.0 V vs. Li/Li+). 
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium 
batteries
16
Quaternary ammonium RTILs tend to show high cathodic stability47-50 but can also 
show higher viscosity and lower conductivity than ILs based on the imidazolium 
cation.
Figure 6 Chemical structure of ionic liquids widely proposed for application in 
lithium batteries: pyrrolidinium cations and TFSI (top right)/FSI (bottom right) 
anions (R=propyl, n-butyl)
As a general rule liquid electrolytes need to be ionically conductive. RTILs meet this 
requirement since they are made of mobile ions. They also have low melting points 
essential for efficient device operation (e.g. the conductivity/mobility/transport is 
much better in the liquid phase). Also ionic liquids are electrochemically stable. The 
anodic and cathodic stability is important since this is the region where Li 
electrochemistry takes place (e.g. cycling). During the discharge/charge processes of 
a Li-ion battery, Li+ ions migrate between the two electrodes through the electrolyte. 
In a new class of electrolyte, it is therefore important to study the migration of Li+ ions 
(charge carriers) into the electrolyte and the reactivity of Li+ ions with the electrodes 
to see whether they both are compatible. An IL-lithium salt mixture needs to meet the 
following requirements4, 6 to find application as an electrolyte component in lithium 
batteries:
x KLJK LRQLF FRQGXFWLYLW\  -3 S.cm-1) even at sub-ambient temperature in 
order to assure sufficiently high Li+ transport properties through the electrolyte
x low viscosity for the same reasons when the lithium salt is added to the IL
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x wide electrochemical stability (4 – 5 V) in particular high reductive stability of 
the IL cation to allow reversible Li+ intercalation, even at high voltages, 
without any relevant decomposition/degradation
x hydrophobicity to minimise water incorporation into the battery
x compatibility with commercially available high voltage electrodes 
Literature review
In this section, a review of relevant research conducted on RTIL-based electrolytes in 
lithium batteries is reported.
1.4.1 Initial research on the use of RTILs in lithium metal batteries
With a high theoretical capacity (3860 mAh.g-1) lithium metal has by default been the 
anode for lithium metal batteries.18 This material possesses the highest volumetric and 
gravimetric theoretical capacities amongst all other anodes. However major safety 
concerns related to the formation of lithium dendrites during battery operation inhibit 
the use of lithium metal with standard liquid electrolytes. Therefore, the use of room 
temperature ionic liquids (RTILs) as electrolyte components to establish safer lithium 
batteries could be an alternative approach for EV and large-scale applications. Table 5
presents a selection of initial research results on the use of RTILs in lithium metal 
batteries.
In 2001 Tatsuma et al.51 reported the suppression of lithium dendrite formation in an 
ethylene glycol dimethacrylate (EGD) based polymer gel electrolyte. In 2003 Howlett 
et al.58 reported lithium dendrite growth rate in a RTIL solution for the first time. The 
dendrite growth rate was revealed to be slower in the case of the RTIL solution than 
in that of an organic carbonate solution. The morphological changes of the Li surface 
cycled in each solution were acquired with an optical cell and the images revealed less 
dendrite formation in the case of the RTIL solution, as illustrated in Figure 7 and 
Figure 8.
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More recently Bhatt et al.52 reported lithium dendrite formation in the mixture 
C3mpyrFSI / LiFSI, showing a pre-deposition effect on the lithium metal electrode. 
Several possible mechanisms of lithium dendrite formation have been proposed in the 
literature. Most of them proposed a crystal growth mechanism occurring during 
electrodeposition due to the function of current or gradient of driving forces and 
lithium salt concentration.53-54 Nevertheless the mechanism of dendrite growth 
suppression in ILs still remains unclear.
Table 5 Initial results on the use of RTILs in lithium metal batteries
Year Author Electrolyte Results
1992 Wilkes31 C2mimCH3CO2 First RTIL stable against moisture
1995 Koch55 C2mimTFSI, 
C3dmimTFSI
Investigation of the SEI layer
1997 Fuller56 C2mimBF4 Physicochemical properties of 
imidazolium cations
1999 MacFarlane57 CxmpyrTFSI Ionic liquid plastic crystal mixed with 
lithium revealed high ionic conductivity 
(2 x 10-4 S.cm-1 at 60 °C)
2003 Howlett58 C2mimTFSI with 
LiTFSI (C2mim = 
EMIM)
Characterisation of lithium metal 
surface: optical imaging of lithium 
dendrite growth; growth rate of 
dendrites slower in RTIL solution than 
in standard organic carbonate solution 
(1 M LiPF6 in PC)
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Figure 7 Morphological changes (optical cell setup) during cycling of a Li | Li cell 
with 1 M LiPF6 in PC electrolyte at 1 mA.cm-2, from Howlett et al.58
Figure 8 Morphological changes (optical cell setup) during cycling of a Li | Li cell 
with 20 mol% LiTFSI in EMIMTFSI electrolyte at 1 mA.cm-2, from Howlett et al.58
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1.4.2 Quaternary ammonium cations
ILs formed by quaternary ammonium cations (N-alkyl-N-methyl-pyrrolidinium11)
with hydrophobic perfluoroalkylsulfonylimide anions, e.g., bis(fluorosulfonyl)imide 
(FSI) and bis(trifluoromethanesulfonyl)imide (TFSI) have been widely investigated 
because of their attractive properties11, 59: sub-ambient melting temperature, high 
conductivity at room temperature, and good electrochemical stability. Since the 
literature is voluminous, Table 6 summarises selected results of quaternary ammonium 
RTILs used in lithium batteries, representing some of the key papers published in the 
last decade relevant to this research.
In 2004, Howlett et al.60 reported efficient Li+ deposition/dissolution on platinum (Pt) 
and nickel (Ni) electrodes at 50 °C in the IL formed of N-methyl-N-butylpyrrolidinium 
(C4mpyr+) and the TFSI- anion. In 2008, Saint et al.61 observed improved Li mobility 
(e.g. fast charge discharge kinetics and rate capabilities) in N-methyl-N-
propylpyrrolidinium (C3mpyr+) combined with the smaller FSI anion, suggesting that 
a smaller cation and anion can lead to improved Li transport.
Yoon et al.62 studied the stability of lithium in the IL C3mpyrFSI but for the first time 
at high Li salt concentration (up to a 1:1 molar ratio C3mpyr+: Li+) by using the same 
FSI anion for both IL and Li salt. The lithium bis(fluorosulfonyl)imide (LiFSI) salt 
was shown to readily dissolve at relatively high concentration in FSI-based ILs.
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Table 6 Selected results on quaternary ammonium RTILs for lithium batteries
Year Author Electrolyte Electrodes Results
2004 Howlett60 C4mpyr TFSI with 
0.5 mol.kg-1 LiTFSI
Li | Li - Li+ reversible 
deposition/dissolution on a Pt 
electrode at 50 °C
- Coulombic efficiency (CE) 
reaches almost 100 % for 350 
cycles on Pt electrode and  > 
99.1 % for 464 cycles on Cu 
electrode (0.1 mA.cm-2)
2006 Matsumoto63 C3mpyr FSI 
(= PYR13FSI)
C3mpip FSI 
(= PP13FSI)
EMIFSI
Li | LiCoO2 - Stable cycling over 50 cycles 
of C3mpyr FSI/ LiTFSI in a Li 
| LiCoO2 cell at the 0.1 C rate.
- Initial capacity: 140 mAh.g-1
- Introduction of smaller anion 
as a fast charging / discharging 
ionic liquid electrolyte.
2007 Fernicola64 C24pyr TFSI = BEPy 
TFSI
Li | LiFePO4 Good charge-discharge 
efficiency and capacity 
retention
2008 Saint61 C3mpyr FSI / TFSI
with 0.5 mol.kg-1
LiTFSI
Li | LiMnO2 - Improved Li behaviour: 
smaller ammonium cation
- 80 mAh.g-1 for C3mpyr TFSI
- 120 mAh.g-1 for C3mpyr FSI
at 5th cycle
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Year Author Electrolyte Electrodes Results
2008 Zhou65 C3mpyr FSI
C4mpyr FSI
- Lower melting point for FSI 
based ILs than TFSI based ILs
2010 Bhatt52 C3mpyr FSI with 0.2,
0.45 mol.kg-1 LiFSI
Li | Li - Cell impedance reduced (< 10 
ȍ.cm-2) by an increase of Li salt 
concentration
- Li+ reversible deposition / 
dissolution on Pt, Ni and Li 
electrodes at 22 °C
- Stable Li cycling at 0.1 mA.cm-
2, roughening of Li surface with 
each deposition cycle
2010 Best66 C3mpip FSI
C3mpyr FSI
C2mim FSI
C4mmim FSI
P66614 FSI
with 0.2, 0.5 and 1.0 
mol.kg-1 of LiTFSI, 
LiBF4 or LiPF6
Li | Li - Phosphonium and pyrrolidinium 
cations showed improved cathodic 
stability
- Reversible Li+ plating / stripping 
in 0.5 mol.kg-1 LiBF4 in C3mpyr 
FSI, stable cycling at 0.5 mA.cm-2
at 50 °C
- Evidence of dendrite formation 
at higher current densities (e.g. 10 
mA.cm-2)
2011 Balducci67 C4mpyr TFSI 50% + 
(EC:DEC:DMC,
1:1.1, w/w) 50% 
with 0.3M LiTFSI
Li | silicon + 
graphite
Initial capacity: 600 mAh.g-1
500 mAh.g-1 capacity after 100 
cycles (0.1 C rate at room 
temperature)
2012 Kim35 C3mpyr TFSI Li | LiFePO4 Initial capacity: 167 mAh.g-1
Reasonable capacity reduction for 
1,000 cycles (0.05 C)
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Year Author Electrolyte Electrodes Results
2012 Matsui68 EMIM FSI + LiTFSI Li | NMC Reversible capacity of 163 
mAh.g-1
2013 Wong.69 C4mpyr TFSI 
0.5 mol.L-1 LiTFSI
Li | LiFePO4 Maximum specific capacity 
obtained: 113 mAh.g-1
Capacity decreased with the salt 
concentration
2013 Xiang70 C4mpip (= PP14)
TFSI (60 wt%) + 
TMS (40 wt%) + 0.5 
mol.L-1 LiTFSI
Li|LiFePO4 Capacity obtained: 160 mAh.g-1
at 0.05 C and 150 mAh.g-1 at 0.1 
C
2013 Yoon62 C3mpyr FSI Li | LiCoO2 - Molar ratio 1:1 C3mpyr:Li
- High Li salt concentration (up 
to 3.2 mol.kg-1 LiFSI )
- Comparable rate capacity for 
FSI based ILs at high Li salt 
concentration to standard 
electrolytes
2014 Evans71 C3mpyr FSI + 1.2 
mol.L-1 LiFSI
C3mpyr FSI + 10 
vol% (or 50 vol%) 
EC:EMC (1:2 wt.) + 
1.2 mol.L-1 LiFSI
Li | NMC 
half cell
Study of aluminum dissolution 
and electrochemical behaviour 
of the NMC cathode
Addition of organic solvents 
leads to significant oxidation of 
aluminum and its dissolution in 
solution
2015 Yoon72 C3mpyr FSI - - Highly concentrated IL 
electrolyte shows promising 
transport properties (greater 
ionic dissociation, high relative 
Li+ ion mobility) 
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Year Author Electrolyte Electrodes Results
2015 Chancelier73 C4mim (= C1C4Im) 
TFSI
C4mpyr TFSI
1 mol.L-1 LiTFSI
LTO | NMC Initial capacity (0.05 C for 1st
5 cycles): 165 mAh.g-1 for 
C1C4Im TFSI, 83 mAh.g-1 for 
C4mpyrTFSI
Stable cycling over 100 cycles 
at 25 °C at the 0.1 C rate: 
discharge capacity < 120 
mAh.g-1 for C1C4Im TFSI, 
discharge capacity < 50 
mAh.g-1 for C4mpyr TFSI
Capacity fading for all 
electrolytes at 60 °C (sharp 
drop < 120 mAh.g-1 for 
C1C4ImTFSI after 40 cycles)
Superior performance with 
[EC:DEC][LiPF6] electrolyte
2015 Chaudoy74 C3mpyr FSI
C4mpyr FSI
0.6 and 1 mol.L-1
LiTFSI 
Li | NMC Discharge capacity of the 
NMC cathode of 161 mAh.g-1
at 25 °C at 0.1 C rate with 
C3mpyr FSI + 0.6 mol.L-1
LiTFSI (91 mAh.g-1 at 1 C 
rate)
Discharge capacity decreases 
when the discharge rate 
increases. Interestingly, an 
increase of lithium salt 
concentration (from 0.6 to 1 
mol.L-1) improves the 
discharge capacity at high 
discharge rate (1 C rate) while 
a slight decrease is observed at 
lower rate (C / 10 rate)
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As a first conclusion, it seems that the common RTILs are often based on nitrogen-
based cations11, 60. On the other hand, phosphonium-based ILs have only recently 
started to receive attention as potential substitutes for their ammonium counterparts8.
1.4.3 Phosphonium ILs and Li batteries
Recent applications of phosphonium based ILs include the use as extraction solvents75-
76, chemical synthesis solvents77, lubricants42, electrolytes in lithium batteries32, 78-83
and super-capacitors37, and also in corrosion inhibition43.
As shown in Table 7 the interest in phosphonium ILs for electrolytes in batteries is 
much more recent. While ILs containing nitrogen-based cations have undergone 
extensive investigation in recent times4, 9, 11, 60-63, 65-66, 84-85, studies involving quaternary 
phosphonium systems are much rarer8. Initial studies were based on relatively large 
phosphonium cations such as tri-n-hexyl(tetradecyl)phosphonium (P666(14)+).8 These 
bulky cations tend to have high viscosity and low conductivity and their 
electrochemical application has been restricted. However recent studies reporting the 
synthesis of smaller and asymmetrical phosphonium cations showed that many 
properties of novel phosphonium ILs are superior to the isoelectronic ammonium 
derivatives including8:
x improved transport properties, for example improved ionic conductivity32, 82
x more thermally stable with respect to degradation under various conditions32
x their electrochemical windows are quite similar32
x low melting points can be achieved83
x they are available on a large scale (cost)76
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Figure 9 Chemical structures of three new phosphonium cations synthesised by 
Cytec Solvay Group: a) trimethyl(isobutyl)phosphonium (P111i4+), b) 
triethyl(cyanopropyl)phosphonium (P222(CH2)3CN+) and c) 3,7-dimethyloctane, ethyl, 
hexyl phosphonium (Pcytop17026+) cations, from Hilder et al.86
An IL based on the trimethyl(hexyl)phosphonium cation with a low melting point (7 
°C) was first reported by Matsumoto et al49. Armel et al. recently reported a series of 
low viscosity RTILs based on asymmetric diethylmethyl(isobutyl)phosphonium 
cations for dye-sensitised solar cells87. Lowering the viscosity of RTILs is one major 
requirement as it influences the rate of mass transport in the electrolyte. Due to the 
large cations used, the traditional phosphonium RTILs generally have high viscosity, 
so efforts to obtain low viscosity phosphonium RTILs continue. Tsunashima et al. have 
designed phosphonium RTILs derived from triethylphosphine32, 88-89, introducing 
smaller cations that led to improved transport properties. By reducing the packing of 
ions, an asymmetry in the cation structure combined with the TFSI- anion allowed the 
formation of low-melting salts.32, 90 The introduction of a methoxy group in one chain 
of the cation did not significantly alter the IL properties other than a reduction in 
viscosity, but the electrochemical stability was not changed.
In 2011 Tsunashima91 showed that cycling of Li | LiCoO2 cells was possible in a TFSI-
based phosphonium electrolyte. The same article confirmed that asymmetrical cations 
seem to give better charge/discharge cycleabilities than organic electrolytes. However, 
according to the authors, the transport properties do not always reflect capacity 
retention. Indeed, electrolyte made with P4441TFSI showed a higher Faradaic efficiency 
than the one with P2225TFSI, even though the transport properties were superior for the 
P2225TFSI IL. Only recently the properties of more promising ILs have been reported 
by Tsunashima et al83. They designed smaller cations such as P1113+ (low melting point
of P1113FSI: 0 °C) or P111(1O1)+.
(a (b (c
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However their interaction with Li cell electrodes has not been reported and it is 
important to find out whether they can sustain repeated cycling over a long period of 
time. The following section discusses the FSI anion in more detail.
Table 7 Selected results on phosphonium RTILs for Li batteries
Year Author Electrolyte Electrodes Results
2008 Tsunashima78 P222(2O1) TFSI
DEME TFSI
Li | LiCoO2 - Initial discharge capacity 
(P222(2O1) TFSI): 140 mAh.g-1,
90 % capacity retention after 
30 cycles
- Initial (DEME TFSI): 149 
mAh.g-1
2009 Tsunashima80 P222(2O1) TFSI
P2225 TFSI
with 1 M LiTFSI
Li | LiNi0.8
Co0.1Mn0.1O2
- P222(2O1) TFSI with 1M 
LiTFSI: initial 147 mAh.g-1, no 
significant capacity reduction 
over 30 cycles (96 % capacity 
retention after 30 cycles)
- P2225 TFSI with 1M LiTFSI: 
initial 126 mAh.g-1, low 
capacity retention after 30 
cycles (63 %)
2011 Tsunashima91 P2225 TFSI
P4441
P4444
Li | LiCoO2 - High cycling efficiency of 
P4441 TFSI 
- Initial (P4441TFSI): 160 
mAh.g-1, 97 % capacity 
retention after 20 cycles
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Year Author Electrolyte Electrodes Results
2015 Tsunashima83 P1113 FSI
P111(1O1) FSI
- - Higher electrochemical stability 
than TFSI counterparts (only 
physical properties reported)
P1113: small and asymmetric cation
- Smaller and asymmetric cation 
seems to be lead to lower melting 
points and improved transport 
properties
2016 Hilder86 P222(CH2)3CN FSI 
with 1 M LiFSI
Li | NMC High discharge capacity (140 
mAh.g-1) and efficiencies > 98 % at 
0.1 C and 0.2 C rates (over 20 
cycles)
Performance of phosphonium IL 
electrolyte matches that of a 
commercial standard electrolyte
1.4.4 FSI versus TFSI based ILs
Perfluoroalkylanions were successfully proposed as anions for lithium battery 
electrolytes11, showing excellent electrochemical performance. Among them, TFSI33
was found to be among the best because of its high anodic potential stability, good 
conductivity, thermal stability and hydrophobicity4. In particular, MacFarlane et al.60,
Passerini et al.92 and Tatsumi et al.49 have demonstrated the feasibility of 
pyrrolidinium-TFSI ILs as lithium battery electrolyte components, improving the 
performance, cyclability and long-term stability of electrochemical storage devices. 
Figure 10 Chemical structure of the FSI anion
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Interest has progressively grown for the FSI anion (Figure 10)11, 83, 93. FSI-based ILs 
exhibit better physical and transport properties than their corresponding TFSI-based 
materials32, 52, 63, 82-83, 86 including lower melting point82-83 (e.g. 0 °C for P1113FSI and 
40 for P1113TFSI), lower viscosity82, 86 resulting in higher ionic conductivities86 (e.g., 
8.9 mS cm-1 for P111(1O1)FSI and 4.1 mS cm-1 for P111(1O1)TFSI at 25 °C).83 On the other 
hand, the FSI ILs seem to have a lower electrochemical and thermal stability compared 
to their TFSI counter parts94 due to the reactivity of the fluorine atoms directly bonded 
to the sulfonyl groups. Also, FSI-based ILs seem to be more prone to corrosion of 
aluminium (current collector used in Li batteries) than TFSI-based ILs which were 
shown to have beneficial properties regarding aluminium passivation.95 Aluminium 
corrosion in FSI systems at high oxidation potentials (> 4.0 V vs. Li / Li+) has been 
reported.96
1.4.5 Battery performance of ILs
MacFarlane et al.12 recently published a perspective which highlighted recent key 
papers in the IL battery performance field. Battery performance of FSI electrolytes 
(EMI FSI, C3mpyr FSI and C3mpip FSI) were first reported by Matsumoto et al.:63 a
Li | LiCoO2 cell containing EMI FSI showed a high charge rate cycling when 
compared to previously reported IL electrolytes. The cell containing C3mpyr FSI also 
gave good cyclability. Yoon et al.62 recently studied Li | LiCoO2 cells containing 
C3mpyr FSI with high Li concentration and found that the rate capability was higher 
than that of cells with lower Li concentration. High concentration of lithium was 
shown to give remarkable rate capability in comparison to a standard organic carbonate 
electrolyte, as illustrated in Figure 11.
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Figure 11 Charging profiles of Li | LiCoO2 cells (from 1 C to 5 C); solid bold line: 
organic liquid electrolyte (1M LiPF6, EC:DMC = 50:50 vol.%), dashed line: 3.2 
mol.kgí1 LiFSI in C3mpyrFSI, from Yoon et al.62
For the phosphonium cation Tsunashima et al. first reported the use of small 
phosphonium cations78 such as P222(2O1) TFSI and P2225 TFSI in Li | LiCoO2 cells. The 
charge-discharge profiles revealed high recharge ability and cycle ability of P222(2O1) 
TFSI-based cells, as illustrated in Figure 11. Sufficient capacities were obtained at the 
first cycle (charge capacity: 152 mAh.g-1 and discharge capacity: 141 mAh.g-1). 
Similar results were observed in the cycling performance of high voltage cathodes (e.g. 
lithium nickelate cathode, LiNi0.8 Co0.1Mn0.1O2) in the same ILs.80 Recently, they also 
showed that asymmetric cations gave better cycling efficiency and capacity retention 
than symmetric cations91.
In the case of highly viscous phosphonium RTILs, electrolytic properties of mixtures 
consisting of the RTIL and a conventional organic electrolyte (1 M LiPF6 in EC:EMC 
1:2 vol/vol) were reported.97 The cycling performance of LiCoO2 cathode in mixed 
electrolytes was described. The results suggested P2225 TFSI and P4441 TFSI to be 
effective additives by improving cycling efficiency.
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Figure 12 Charge-discharge curves of the Li | LiCoO2 cells containing (a) P222(2O1) 
TFSI; (b) P2225 TFSI (Li+ concentration: 1.0 M, 0.05 C), from Tsunashima et al.78
The majority of reports have used quaternary ammonium and phosphonium TFSI 
based electrolytes due to their high anodic electrochemical stability.98 Cyclic 
pyrrolidinium and piperidinium TFSI ILs also showed efficient lithium cycling due to 
their low viscosity and high anodic stability.60 One main areas of focus nowadays is 
high voltage applications to maximise energy density (i.e., the ability of charging 
above 4.5 V). Typical initial capacities reported using the LiCoO2 cathode vary 
between 140 and 150 mAh.g-1 corresponding to the theoretical capacity of LiCoO2 for 
a conventional range of 3.0 - 4.2 V. Most reports on high voltage Li metal batteries 
utilise TFSI based IL electrolytes. The first study using FSI based IL electrolytes was 
reported by Matsumoto et al.63 showing significantly high rate charging capability in 
comparison to other electrolyte materials. Further reports showed the formation of an 
effective SEI by the FSI- anion to prevent irreversible intercalation of IL cations in 
graphite electrodes.99-100 Nevertheless because of a poorer anodic electrochemical 
stability compared to the TFSI- anion, FSI based IL electrolytes have rarely been 
reported for any high voltage cell applications.
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Reliable cell cycling with IL electrolytes has also been reported with other high 
capacity / high voltage electrodes, such as silicon composite anodes101 and
LiNi0.8Co0.1Mn0.1O2,80 LiMn1.5Ni0.5O4102 and LiVPO4F103 as cathodes. No 
significantly promising candidate for replacing TFSI based IL electrolytes or 
conventional organic liquid electrolytes has yet been found. Therefore, one of the main 
areas of focus in research on ILs for lithium battery applications is the design of both 
cation and anion functionality.48, 50, 83, 104 The contribution of the IL structure to the 
effective formation of the SEI has also became an important area of focus.
1.4.6 SEI formation in ILs
Passerini et al.4 recently published a review of SEI formation and thermal stability in 
ILs while Zhang et al. published a review of SEI formation at the Li metal anode.105
The SEI is an interlayer film with beneficial properties regarding the battery 
performance which 4, 11-12, 19:
x stabilises the electrode by forming an electrode/electrolyte interphase (e.g. 
prevents electrode corrosion; passivation)
x is formed on the electrode surface during the initial charge/discharge cycle
x results from the reaction of the electrode material with decomposition products 
of the electrolyte 
x is a Li+ ion conductor (e.g. the electrode is passivated while still being 
electrochemically active)
x is insoluble in the electrolyte
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1.4.6.1 SEI formation and stability in ILs
In this section the outcomes of recent research pertaining to SEI formation in an IL 
electrolyte is summarised2, 4, 6, 52, 66, 106-109:
x SEI formation results from a chemical interaction of the IL electrolyte on the 
electrode107
o the Li surface morphology changes due to the build-up of passivation 
products
o the Li electrode resistance increases with the SEI formation (this is 
where electrochemical techniques can be correlated with spectroscopic 
techniques)
x the chemical interaction of the IL electrolyte on the electrode is rate 
dependent52
x the possible mode of film formation results from the decomposition of the 
anion of the IL (e.g. TFSI and FSI) in the presence of Li 66, 106, 109
x the role of the cation in the formation of the film is still not clear at this date6
x organic additives (e.g. phosphides, sulfonate esters) assist in forming stable 
interfacial films on high-voltage cathodes thus preventing the decomposition 
of the electrolyte108.
To ensure stable device operation, the SEI must4, 105:
x support lithium ion transport: it must allow insertion/extraction of Li+ ions to 
the electrode. If there is no lithium transport between the electrode and the 
electrolyte the basic operating principle of the electrode is suppressed and the 
electrode thus becomes electrochemically inactive.
x protect the electrode material from competitive side reactions (e.g. corrosion): 
if not passivated the electrode material is decomposed rather than being 
electrochemically converted into energy.
x be insoluble in the electrolyte, otherwise a solid SEI cannot be formed and 
would dissolve into the electrolyte.
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1.4.6.2 Surface characterisation of the anode in an IL electrolyte
To understand the composition and structure of the SEI layer in IL electrolytes the 
following spectroscopic techniques have mainly been used:
x Electrochemical impedance spectroscopy (EIS)62, 66, 85, 110-111
x Scanning electron microscopy (SEM)58, 106, 112
x Optical microscopy 58, 60
x Fourier transform Infrared (FTIR)107
x X-ray diffraction (XRD)106, 113 (qualitative bulk technique)
x X-ray photoelectron spectroscopy (XPS)106, 109, 114
x Raman spectroscopy106, 115-117
x Focussed ion beam SEM (FIB-SEM) and/or Transmission electron microscopy 
(TEM)118
Table 8 presents selected relevant RTIL research results for SEI study in lithium 
batteries.
Table 8 Initial RTIL research results for SEI study in lithium metal batteries
Year Author Electrolyte Results
2003 Howlett58 C2mim 
NTf2 with 
LiTFSI with 
Li | Li 
symmetrical 
cells
Using an optical cell, the lithium surface was investigated 
with Raman spectroscopy and lithium dendrite was imaged 
on a Cu substrate. In the RTIL the growth of lithium 
dendrites were distinctively reduced, while the conventional 
organic solution exhibited (1M LiPF6 in PC). The cycled Li 
metal electrode was shown to be compact and dendrite free.
2004 Howlett60 C4mpyr 
TFSI
C3mpyr 
TFSI
Stable SEI formed on Cu substrate and characterised by 
XPS. XPS analysis showed that SEI composition consisted 
of reduction products of the TFSI anion and significant 
quantities of native Li surface species (Li2O, LiOH, Li2CO3)
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Year Author Electrolyte Results
2006 Howlett106 C4mpyr TFSI
C3mpyr TFSI
XRD / XPS / Raman / EIS techniques were used: 
x RTIL present on the surface SEI composed of 
reduction products of the anion (Li2O, Li2CO3,
Li2S, LiF)
x Use of an optical cell allowed the acquisition 
of in-situ Raman spectra: this enabled the 
electrolyte composition to be monitored as a 
function of cycling and allowed spectra to be 
obtained from the lithium surface.
x EIS: Equivalent Electric Circuits (EECs) were 
used to fit the EIS data on order to predict a 
layered structure.
2009 Sutto113 C2mim
C4mim
C3dmim with 
LiPF6 / LiBF4
The authors demonstrated the intercalation of 
imidazolium cations and lithium ion into a graphite 
electrode using XRD. C2mim cation does not 
intercalate into graphite layers while the C4mim and 
C3dmim cations do intercalate.
2012 Basile119 C3mpyr FSI 
with LiBF4
Formation of a smooth and stable SEI on Li metal 
after extensive cycling attributed to the LiFSI salt
x SEM: images acquired as a function of reaction 
time: morphological changes at the Li surface
o surface cracking after 7 days interaction
o Smoothing after 12 days
x FT-IR: reaction products + electrolyte species 
on the Li surface
x XRD: amorphous nature of the SEI film
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Year Author Electrolyte Results
2012 Basile119 C3mpyr FSI 
with LiBF4
x XPS: evidence of decomposition products (anion) 
on the Li surface (Li2O, Li2CO3, Li2S, LiF)
x EIS: electrode resistance decreased after cycling
2013 Basile120 C3mpyr FSI + 
0.5 mol.kg-1
LiFSI
SEM imaging showed morphological changes of the 
lithium surface had occurred but no evidence of needle-
like dendrite based growth was found after 5000 cycles 
(Li | Li)
2015 Grande121 C4mpyr TFSI 
and C4mpyr 
TFSI / FSI
Beneficial influence of the FSI anion over the SEI layer 
on Li metal by suppressing dendrite growth and resulting 
in fast cathodic reactivity. Hypothesis of a pore clogging 
mechanism
Techniques used: SEM, XPS
Howlett et al. reported a thorough surface characterisation of the SEI layer formed on 
the Li surface in a solution of 0.5 mol.kg-1 of LiTFSI in the IL N-propyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (C3mpyrTFSI).60, 106
Recently Basile et al. reported the cycle-ability of Li in the bis(fluorosulfonyl)imide 
(FSI) based ammonium counterpart (same cation with a smaller anion).120 The authors 
noticed the formation of a smooth and stable SEI on Li metal after extensive cycling 
accredited to the lithium bis(fluorosulfonyl)imide (LiFSI) salt. In their work the 
unstable behaviour of the cycling of Li | Li cells over 5000 cycles at 0.1 mA cmí2 was 
attributed to surface reorganisation. However no evidence for lithium dendrite 
formation was observed; SEM imaging showed morphology changes that occurred 
during cycling but no evidence of needle-like dendrite features was observed.
More recently Grande et al.121 reported the beneficial influence of the FSI anion on the 
Li metal SEI layer, resulting in suppression of dendrite growth and fast cathodic 
reactivity. 
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The study showed that the induced inhomogeneous deposition on the Li surface was 
related to SEI cracking and revealed the presence of bundled Li fibers located 
underneath the pre-existing SEI and nanorod-shaped features resulting from Li 
extrusion.
In the case of the IL C3mpyr FSI, the SEI formed on the Li substrate was characterised 
as having a dynamic behaviour with a relatively complex chemistry during cycling.122
The rapid chemical decomposition of the IL was shown to form a SEI composed of 
the breakdown products of the IL components in the absence of an applied voltage. 
Several reduction pathways were also suggested to describe the breakdown mechanism 
of Li salt / IL mixture forming a passivation film on the Li electrode. 
The dynamic behaviour of the SEI was interpreted as a result of successive reactions 
that involved both IL cation and anion: (i) reactions of IL cations and anion with Li 
metal, (ii) reaction of the salt anion and (iii) breakdown of the salt anion. The main 
breakdown products identified by several spectroscopic techniques (FTIR, XPS) were 
found to be LiF, LiOH and cation breakdown products (such as methylpyrrolidine). 
Morphological changes of the Li surface were also observed at different intervals of 
surface conditioning time. Recent papers109, 116, 123-124 focusing mainly on lithium-
sulfur batteries, also studied the Li electrode surface with IL electrolytes using the 
same techniques. There has not yet been any thorough characterisation of the anode 
surface with a phosphonium-based IL electrolyte.
To summarise, literature reports indicate the importance of the SEI film in IL based 
cell operation and performance. It is indicated that the IL anion plays an important role 
in SEI formation, as do impurities. The role of the cation is less clear. The surface 
handling required to reliably characterise the SEI layer is also important, hermetic 
transfer of electrode surfaces is needed to avoid atmosphere exposure and 
contamination of the surface.
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1.4.7 Lithium metal cycling and surface morphology
This section presents the ‘state of the art’ on Li metal cycling available in the literature. 
In the last two years there has been a considerable increase in the number of 
publications on the use of Li metal electrodes. Particular interest has been addressed 
to high Li salt concentrations, fast-charging applications, alternate solvents and solid 
electrolytes.18, 36
It is well established that Li metal cycling efficiency in organic carbonate electrolytes 
is very poor and results in dendritic or mossy Li metal deposits and low coulombic 
efficiency (CE), less than 80 %.125
Therefore in the context of rechargeable batteries, the use of Li metal requires 
alternative solvents. Electrolytes based on RTILs have recently been the subject of 
great interest due to their low reactivity with Li metal resulting in a lower propensity 
for dendritic Li morphology and improved coulombic efficiency for Li 
plating/stripping60, 62, 106, 111, 121, however, these features are not retained for long-term 
cycling or when high current densities are applied.60, 126 Nevertheless, some RTILs 
have been targeted as potential alternative electrolytes for lithium batteries.9, 11, 124
They have numerous features that should lend themselves for use in high-energy 
lithium batteries such as negligible volatility and flammability, high ionic conductivity 
and wide electrochemical windows.12
Interfacial studies of ILs on Li metal originally started with ammonium-based ILs. For 
example, Howlett et al. demonstrated that 0.5 mol.kg-1 of LiTFSI in the ionic liquid N-
propyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (C3mpyrTFSI) 
supported high cycling efficiency (> 99 %) on copper at low current densities.60, 106
Recently Basile et al. reported the cycle-ability of Li in the bis(fluorosulfonyl)imide 
(FSI) based ammonium counterpart (same cation with a smaller anion).120 They 
noticed the formation of a smooth and stable SEI on Li metal after extensive cycling 
accredited to the lithium bis(fluorosulfonyl)imide (LiFSI) salt. In their work the 
unstable behaviour of the cycling of Li | Li cells over 5000 cycles at 0.1 mA cmí2 was 
attributed to surface reorganisation. However no evidence for lithium dendrite 
formation was observed; SEM imaging showed morphology changes that occurred 
during cycling but no evidence of needle-like dendrite features was observed. 
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More recently Grande et al.121 reported the beneficial influence of the FSI anion on the 
Li metal SEI layer, resulting in suppression of dendrite growth. In most previous 
reported literature, the Li salt concentration used was typically around 0.5 to 1.0 
mol.kg-1 (i.e. a Li+ molar ratio of 0.05 with respect to the ionic liquid cation). On the 
other hand, Yoon et al. recently reported that high rate cycling performance (at higher 
than 3C charge and discharge rates) could be retained in Li | C3mpyrFSI | LiCoO2 cells 
with surprisingly high LiFSI salt concentration (3.2 mol.kgí1 Li salt i.e., a 1:1 molar 
ratio of salt and IL) in spite of the high viscosity reduced ionic conductivity that occurs 
with increasing Li salt concentration.127 This study revealed that a highly concentrated 
IL electrolyte can in principle outperform an organic liquid electrolyte (1M LiPF6 in 
EC:DMC). More recently, novel phosphonium-based ILs have demonstrated superior 
transport properties compared to their ammonium-based counterparts.8, 83, 88, 120, 128
Lin et. al have shown that a hydrophobic phosphonium-based IL electrolyte could 
operate a Li | LiCoO2 metal battery at elevated temperature (100 °C).128 The authors 
also found that an increase in the Li salt concentration (up to 1.6 M Li salt into IL) led 
to a higher capacity retention (90%) than that obtained with lower salt concentrations. 
As shown in chapter 3 and recently published, trimethyl(isobutyl)phosphonium FSI IL 
(P111i4FSI) readily dissolves high amounts of LiFSI salt and the highly concentrated 
electrolyte (3.8 mol.kg-1 i.e., a 1:1.2 molar ratio of salt and IL) supported reversible 
and efficient Li cycling even at switching potentials as negative as - 1.1 V vs. Li / Li+,
indicating high electrolyte stability for Li batteries127.
A growing number of studies have been focusing on high Li salt concentration in 
electrolytes. Advantages of high Li salt content in the electrolyte have been reported. 
These include an improvement of Li cycling performance in inorganic-organic salt 
mixtures in C3mpyrFSI (from 1 C to 5 C charging rates in Li | LiCoO2 cells).62 These 
reports support the hypothesis that high Li salt concentrations can be used to tailor Li-
ion transport properties for high-rate charging applications.72 At this date the FSI-
anion is known to be unique in allowing the formation of room temperature highly 
concentrated inorganic-organic mixtures. 
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The emerging need for fast-charging applications has also driven research groups to 
enhance the cycling performance in ILs compared with conventional organic carbonate 
electrolytes.129 The study of Li-metal cycling performance in the IL C4mpyrTFSI 
published by Grande et al.129 revealed the critical role of SEI formation in an IL on the 
long-term cycling performance by establishing a stable multi-layered film in which 
high coulombic efficiency was maintain but ultimately a ‘pore clogging’ mechanism 
was postulated to limit the cycle-life of the Li metal electrode. Piper et al.130
demonstrated a stable cycling of high-capacity Si nanocomposite anodes in a 
C3mpyrFSI electrolyte with a capacity retention of 77 % after 100 cycles. Li surface 
analysis and computational simulations were also found to be very helpful in 
demonstrating the promotion of structural integrity of the Si anode due to the formation 
of a stable SEI with the FSI- anion. 
The use of other solvents such as ether-based electrolytes mainly for Li-air 
technologies was also reported and highlighted the interest in enhancing Li metal 
cycling performance.131 The investigation showed an inadequate Li-metal cycling 
performance.
Recently, a novel type of IL-based solvent, called ‘solvate ILs’, have received 
particular interest. These safe and inexpensive mixtures based on a glyme and a Li salt
were shown to support the reversibility of the cathodic reaction in Li-air batteries.132
The use of ‘solvent-in-salt’ systems with high Li salt concentration has also 
demonstrated the formation of insoluble polysulfide in Li-S batteries and excellent 
cycling performance.116 As an example, an electrolyte of 4 M LiFSI in 
dimethoxyethane (DME) exhibited high coulombic efficiencies and excellent rate 
capability over thousands of cycles.133 Another type of IL electrolyte includes 
nanoparticle hybrids in the form of cations tethered to SiO2 nanoparticles. In this 
context enhancement of Li cycling was achieved by the addition of 11 wt % 
C3mpipTFSI – nanoparticle hybrid to a standard electrolyte.134
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Interest in solid electrolytes with Li metal has also been driven by emerging energy 
storage applications and significant manufacturing advantages compared with liquid 
electrolytes.36 Ionogels consisting of a confined C3mpyrTFSI inside a SiO2 polymer 
matrix exhibited comparable performance to that of the pure IL in a Li | LiFePO4
cell.135 Solid-state materials (e.g. organic ionic plastic crystals - OIPC) based on 
specific ILs and characterised by remarkable ionic conductivity (crystal defects) were 
shown to support cycling in Li | LiFePO4 cells,16, 136 in the case of a phosphonium FSI 
based OIPC (i.e., chemically similar to the ILs studied in this project) C-rate capability 
at ambient temperature was demonstrated for the first time.16, 136
As discussed earlier, dendrite formation during Li deposition is a critical problem for 
battery safety. The next paragraph relates to Li surface morphology characterisation 
by SEM. Microscopic studies have mainly focused on Li surface morphological 
changes and Li dendrite growth.137 SEM has been the most useful technique to directly 
reveal high resolution images of Li dendrite growth since the 1990s.125, 138-145 Initial 
microscopic studies revealed highly dendritic Li deposition in organic carbonate 
electrolytes, as shown in Figure 13, and confirmed the incompatibility of these 
electrolytes with Li metal. SEM allowed the establishment of a correlation between 
surface chemistry Li electrode morphology.142
Figure 13 SEM micrograph obtained from Li electrodes cycled in EC:DEC (1:1 
vol/vol) with LiPF6 (left) and LiBF4 (right) salts, from Aurbach et al.125
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Several groups have reported the corrosion of Li metal as well as dendrite growth as a 
failure mechanism.111, 120, 126, 139 Most studies were conducted ex situ (i.e. deposited 
surfaces transferred to SEM instrument with minimum exposure to air) as described 
by Kohl et al.145 This method has recently been improved with the design of removable 
load lock chambers from glove boxes to SEM instruments without exposure to air.146-
147 Studies from Orsini et al.146-147 identified accumulation of mossy Li and growth of 
Li dendrites at a Li / polyethylene interface, as illustrated in Figure 14, resulting in 
capacity fading and interface collapse.
Figure 14 (a) Cross section of a Li battery after one charge at 1 C (2.2 mA.cm-2); (b) 
surface of the Li anode of a Li battery after one charge at 1 C; (c) Li deposit on the 
Li surface after one charge at 1 C, from Orsini et al.146
Recent microscopic studies of ILs and concentrated solvate ILs in particular revealed 
the formation of compact SEI layer at a Li metal electrode, as reported by Qian et al.133
in the case of 4 M LiFSI-DME electrolyte with a ~ 10 μm thick SEI (after 100 cycles, 
0.5 mAh.cm-2) growing slowly during cycling. Grande et al.121 also reported the 
suppression of dendrite growth on the Li metal electrode in a less concentrated 
electrolyte.
The majority of studies reported to date mainly utilise relatively low current densities 
(usually between 0.1 and 1.0 mA.cm-2)62, 107, 120, 126 which are insufficient to meet the 
requirements for many applications (> 3 mA.cm-2).88, 137 More importantly, very few 
studies report the deposition and dissolution of substantial quantities of Li metal, rarely 
exceeding 0.1 mAh.cm-2.62, 129
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However, for practical batteries the transfer of much larger amounts of charge is 
required (i.e., commercial Li-ion cells typically incorporate cathode loadings which 
cycle between 3 and 6 mAh.cm-2)148. Advanced Li-S or Li-O2 cells could be expected 
to require even larger amounts of Li for practical operation.36 Recently, several studies 
have reported significant differences between the SEI properties and cell performance 
for dilute and highly concentrated IL electrolytes.62, 72, 121, 149 Thus novel electrolytes 
that can support high rate and stable cycling of Li metal anodes, for example recently 
highlighted ‘solvent-in-salt’ electrolytes,116 are needed to further develop practical 
rechargeable Li metal batteries.
1.4.8 Lithium transport
As mentioned earlier in the introduction, IL electrolytes have a lower ionic 
conductivity than the organic carbonates. Thus, there is a need to understand the 
conduction mechanism in IL electrolytes.
Passerini et al.150 used NMR spectroscopy (self-diffusion coefficient measurements) 
to understand the behaviour of C3mpyrFSI and C4mpyrTFSI and their binary mixtures 
as electrolytes for lithium batteries. This technique was used to determine diffusivities 
of each ion in the electrolyte and can be used to better understand the mechanism of 
ion transport in the IL system.151-152 The Li transport mechanism in IL electrolytes at 
high lithium salt concentration (corresponding to 0.5 molar fraction) has been studied 
by Yoon et al.115 for the C3mpyr FSI IL system. 
It was observed that the diffusivities of all ions decreased as the Li+ concentration in 
solution increased. The order of diffusivities of the ions at 25 °C was FSI- > C3mpyr+
> Li+. The rate at which the diffusion coefficient decreased with increasing LiFSI 
concentration was greatest for the FSI anion, followed by the C3mpyr cation. 
Importantly, the Li+ diffusivity was less sensitive to concentration, ultimately 
becoming the most diffusive species at high concentrations.
When one refers to lithium transport in a battery, one critical parameter for lithium 
batteries153-154 is the lithium transference number. The Li+ transference number is 
defined by the fraction of current transported by the Li+ cation within the electrolyte 
in a Li cell. 
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The same trend was previously reported by Yoon et al. who reported Li+ transference 
numbers in their N-methyl-N-propylpyrrolidinium FSI and LiFSI systems, with high 
Li salt content.62 The authors found that an increase in salt concentration increases the 
Li+ transference number (up to 0.18 for 3.2 mol.kg-1 LiFSI in C3mpyrFSI), however 
these values are still lower than the 0.65 value reported by Han et al. for an ammonium 
FSI IL (equimolar mixture of LiFSI and N23(1O2)FSI).155 Fernicola et al. also reported 
a value of 0.4 for a TFSI-based system.64 It should be noted that only Yoon et al. 
reported transference numbers in the case of high Li salt concentration whereas only 
Martins et al.156 recently reported a high transference number (0.54) in a phosphonium 
IL electrolyte (P222(201)TFSI + 1 M LiTFSI) at a lower Li salt content.
1.4.9 Literature review conclusion
To summarise the findings of the literature review: 
x Li-ion batteries are safer than Li metal batteries.
x FSI-based ILs generally have superior transport properties than their TFSI 
counterparts, e.g. having very good ionic conductivity even at sub-ambient 
temperature.
x Phosphonium cations were shown to give better transport properties than their 
ammonium cation counterparts. 
x The role of the IL and its impact on the structure and formation mechanism of 
the SEI layer is important for battery performance.
x Characterisation of the IL interactions with the electrode surface including 
surface analysis requires different techniques such as SEM, XRD, XPS or 
FTIR / Raman.
In the context of the present project, it is important to note that none of the publications 
have investigated high Li salt concentrations (> 0.5 mol.kg-1) dissolved into 
phosphonium-based ILs nor characterised the SEI in phosphonium-based ILs.  
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There is still a need to better understand the transport properties in IL electrolytes and 
the effect on battery performance. The conductivity of ILs is still relatively low and is 
associated with their high viscosity. 
As yet there is no commercially available Li-ion battery using an IL electrolyte. One 
of the main reasons is the relatively high cost of ILs and their lower rate capability 
compared to conventional electrolytes, especially at low temperatures, mainly due to 
their high viscosity. Phosphonium FSI-based ILs are promising candidates to tackle 
the issue related to high viscosity. However, they still require further investigation as 
new materials.
Aim of this research
This project aims to investigate safe electrolytes for lithium batteries based on novel 
room temperature phosphonium ionic liquids (RTILs), seeking desirable electrolyte 
properties as detailed earlier (section 3.2) and also meeting the challenges presented 
by emerging battery technologies, the main focus being on safety and stability.
Table 9 presents the initial specifications identified as key attributes of the formulated 
electrolyte.
The project was carried out in collaboration with Cytec Canada Inc., the world leading 
manufacturer of phosphonium ionic liquids. With their involvement, the project had 
excellent access to a large range of novel phosphonium ILs, with detailed information 
pertaining to synthesis and purity. Cytec is interested in pursuing large-scale 
applications of phosphonium ILs, particularly in electrolyte applications.
In this work the physical properties of a number of novel phosphonium IL electrolytes 
were determined. Variation of the lithium salt concentration was conducted to better 
understand the electrochemical and ion transport properties of the formulated IL 
electrolytes. Their compatibility and electrochemical performance with the lithium 
metal anode was also investigated. Thirdly, a thorough spectroscopic characterisation 
of lithium metal surfaces cycled in these electrolytes was conducted to obtain a better
understanding of the nature of the SEI formed. The final study reports on the use of 
phosphonium IL electrolytes in lithium cells incorporating a high voltage cathode 
material.
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Table 9 Initial specifications aimed for the formulated IL electrolytes
Parameter Unit Good Better Best
Melting point (°C) °C < 25 < -10 < -30
Viscosity (@ 25°C) mPa.s < 100 < 50 < 10
Conductivity (@ 25°C) mS.cm-1 >1 - > 10
Interfacial resistance (EIS) ȍFP2 1000 - 100
Electrochemical window vs. Li V 4.2-4.3 4.6-4.7 > 5
Diffusion coefficient m2/s 5.10-11 - 5.10-9
Flammability - - - Nonflammable
Water content ppm < 150 - -
Solvation properties mol.L-1 0.5 1.0 1.5
Stability
Years,
cycles
- - 10, 5000
The specific aims of this Ph.D. project are:
¾ a correlation between the lithium salt concentration and the electrochemical 
and physicochemical properties of small phosphonium cation ionic liquid 
electrolytes
¾ a study of the cycling performance and rate capability of lithium metal 
electrodes in phosphonium IL electrolytes
¾ an understanding of lithium transport mechanisms in highly concentrated IL 
electrolytes
¾ a demonstration of a lithium metal battery prototype using a promising IL 
electrolyte and high voltage cathode material
This research relates to the determination of key physical properties of phosphonium 
FSI electrolyte formulations, which allow adequate ion transport and sufficient 
electrochemical stability. Electrolytes that support Li electrochemistry are identified.
Within these formulations, the determining factors that contribute to SEI formation 
and their correlation to good performance in a lithium cell are investigated.
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
47
References
1. Armand, M.; Tarascon, J. M., Building better batteries. Nature 2008, 451
(7179), 652-657.
2. Reddy, B. T.; Linden, D., Linden's Handbook of Batteries 4th Edition. 2011.
3. Root, M., The TAB Battery Book. 2011.
4. Appetecchi, G. B.; Montanino, M.; Passerini, S., Ionic Liquid-Based 
Electrolytes for High Energy, Safer Lithium Batteries. Acs Sym Ser 2012, 1117,
67-128.
5. Goodenough, J. B.; Park, K. S., The Li-Ion Rechargeable Battery: A 
Perspective. J Am Chem Soc 2013, 135 (4), 1167-1176.
6. Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D., Challenges in 
the development of advanced Li-ion batteries: a review. Energ Environ Sci 
2011, 4 (9), 3243-3262.
7. Hannan, M. A.; Azidin, F. A.; Mohamed, A., Hybrid electric vehicles and their 
challenges: A review. Renewable and Sustainable Energy Reviews 2014, 29,
135-150.
8. Fraser, K. J.; MacFarlane, D. R., Phosphonium-Based Ionic Liquids: An 
Overview. Aust J Chem 2009, 62 (4), 309-321.
9. Armand, M.; Endres, F.; MacFarlane, D. R.; Ohno, H.; Scrosati, B., Ionic-
liquid materials for the electrochemical challenges of the future. Nature 
Materials 2009, 8 (8), 621-629.
10. Ohno, H., Importance and Possibility of Ionic Liquids. In Electrochemical 
Aspects of Ionic Liquids, 2nd ed.; 2011; pp 1-392.
11. Navarra, M. A., Ionic liquids as safe electrolyte components for Li-metal and 
Li-ion batteries. Mrs Bull 2013, 38 (7), 548-553.
12. MacFarlane, D. R.; Tachikawa, N.; Forsyth, M.; Pringle, J. M.; Howlett, P. C.; 
Elliott, G. D.; Davis, J. H.; Watanabe, M.; Simon, P.; Angell, C. A., Energy 
applications of ionic liquids. Energ Environ Sci 2014, 7 (1), 232-250.
13. Yoshino, A., The Birth of the Lithium-Ion Battery. Angew Chem Int Edit 2012,
51 (24), 5798-5800.
14. Kraytsberg, A.; Ein-Eli, Y., Higher, Stronger, Better ... A Review of 5 Volt 
Cathode Materials for Advanced Lithium-Ion Batteries. Adv Energy Mater 
2012, 2 (8), 922-939.
15. Di Noto, V.; Lavina, S.; Giffin, G. A.; Negro, E.; Scrosati, B., Polymer 
electrolytes: Present, past and future. Electrochim Acta 2011, 57, 4-13.
16. Howlett, P. C.; Ponzio, F.; Fang, J.; Lin, T.; Jin, L. Y.; Iranipour, N.; 
Efthimiadis, J., Thin and flexible solid-state organic ionic plastic crystal-
polymer nanofibre composite electrolytes for device applications. Phys Chem 
Chem Phys 2013, 15 (33), 13784-13789.
17. Bini, M.; Capsoni, D.; Ferrari, S.; Quartarone, E.; Mustarelli, P., 1 -
Rechargeable lithium batteries: key scientific and technological challenges A2 
- Franco, Alejandro A. In Rechargeable Lithium Batteries, Woodhead 
Publishing: 2015; pp 1-17.
18. Rechargeable Batteries. In Green Energy and Technology, Zhang, Z.; Zhang, 
S., Eds. Springer: 2015; pp IX, 712.
19. Goodenough, J. B.; Kim, Y., Challenges for Rechargeable Li Batteries. Chem 
Mater 2010, 22 (3), 587-603.
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
48
20. LG Chem. http://www.lgchem.com/.
21. Goodenough, J. B., Evolution of Strategies for Modern Rechargeable Batteries. 
Accounts Chem Res 2013, 46 (5), 1053-1061.
22. Adams, J.; Karulkar, M., Bipolar plate cell design for a lithium air battery. J
Power Sources 2012, 199, 247-255.
23. Wang, Q.; Zheng, J.; Walter, E.; Pan, H.; Lv, D.; Zuo, P.; Chen, H.; Deng, Z. 
D.; Liaw, B. Y.; Yu, X.; Yang, X.; Zhang, J.-G.; Liu, J.; Xiao, J., Direct 
Observation of Sulfur Radicals as Reaction Media in Lithium Sulfur Batteries. 
J Electrochem Soc 2015, 162 (3), A474-A478.
24. Lv, D.; Zheng, J.; Li, Q.; Xie, X.; Ferrara, S.; Nie, Z.; Mehdi, L. B.; Browning, 
N. D.; Zhang, J.-G.; Graff, G. L.; Liu, J.; Xiao, J., High Energy Density 
Lithium–Sulfur Batteries: Challenges of Thick Sulfur Cathodes. Adv Energy 
Mater 2015, 5 (16), n/a-n/a.
25. Zhang, S. S., New insight into liquid electrolyte of rechargeable lithium/sulfur 
battery. Electrochim Acta 2013, 97, 226-230.
26. Goodenough, J. B., Rechargeable batteries: challenges old and new. J Solid 
State Electr 2012, 16 (6), 2019-2029.
27. Merck, http://www.merck-chemicals.com.au/ionic-liquids.
28. Sigma Aldrich. http://www.sigmaaldrich.com.
29. Yamaki, J.-i.; Baba, Y.; Katayama, N.; Takatsuji, H.; Egashira, M.; Okada, S., 
Thermal stability of electrolytes with LixCoO2 cathode or lithiated carbon 
anode. J Power Sources 2003, 119–121, 789-793.
30. Hurley, F. H.; WIer, T. P., Electrodeposition of Metals from Fused Quaternary 
Ammonium Salts. J Electrochem Soc 1951, 98 (5), 203-206.
31. Wilkes, J. S.; Zaworotko, M. J., Air and water stable 1-ethyl-3-
methylimidazolium based ionic liquids. Journal of the Chemical Society, 
Chemical Communications 1992, (13), 965-967.
32. Tsunashima, K.; Sugiya, M., Physical and electrochemical properties of low-
viscosity phosphonium ionic liquids as potential electrolytes. Electrochem 
Commun 2007, 9 (9), 2353-2358.
33. Galinski, M.; Lewandowski, A.; Stepniak, I., Ionic liquids as electrolytes. 
Electrochim Acta 2006, 51 (26), 5567-5580.
34. A. S. Best, e. a., In Electrochemical properties and applications of ionic 
liquids, Nova Publishers: 2011; pp 299-324.
35. Kim, G. T.; Jeong, S. S.; Xue, M. Z.; Balducci, A.; Winter, M.; Passerini, S.; 
Alessandrini, F.; Appetecchi, G. B., Development of ionic liquid-based lithium 
battery prototypes. J Power Sources 2012, 199, 239-246.
36. MacFarlane, D. R.; Forsyth, M.; Howlett, P. C.; Kar, M.; Passerini, S.; Pringle, 
J. M.; Ohno, H.; Watanabe, M.; Yan, F.; Zheng, W.; Zhang, S.; Zhang, J., Ionic 
liquids and their solid-state analogues as materials for energy generation and 
storage. Nature Reviews Materials 2016, 1, 15005.
37. Frackowiak, E.; Lota, G.; Pernak, J., Room-temperature phosphonium ionic 
liquids for supercapacitor application. Appl Phys Lett 2005, 86 (16).
38. Berton, N.; Brachet, M.; Thissandier, F.; Le Bideau, J.; Gentile, P.; Bidan, G.; 
Brousse, T.; Sadki, S., Wide-voltage-window silicon nanowire electrodes for 
micro-supercapacitors via electrochemical surface oxidation in ionic liquid 
electrolyte. Electrochem Commun 2014, 41, 31-34.
39. Di Noto, V.; Negro, E.; Sanchez, J. Y.; Iojoiu, C., Structure-Relaxation 
Interplay of a New Nanostructured Membrane Based on Tetraethylammonium 
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
49
Trifluoromethanesulfonate Ionic Liquid and Neutralized Nafion 117 for High-
Temperature Fuel Cells. J Am Chem Soc 2010, 132 (7), 2183-2195.
40. Ramirez, R. E.; Sanchez, E. M., Molten phosphonium iodides as electrolytes 
in dye-sensitized nanocrystalline solar cells. Sol Energ Mat Sol C 2006, 90
(15), 2384-2390.
41. Guyomard-Lack, A.; Said, B.; Dupré, N.; Galarneau, A.; Le Bideau, J., 
Enhancement of lithium transport by controlling the mesoporosity of silica 
monoliths filled by ionic liquids. New Journal of Chemistry 2016, 40, 4269-
4276.
42. Somers, A. E.; Howlett, P. C.; Sun, J.; MacFarlane, D. R.; Forsyth, M., 
Transition in Wear Performance for Ionic Liquid Lubricants under Increasing 
Load. Tribol Lett 2010, 40 (2), 279-284.
43. Latham, J. A.; Howlett, P. C.; MacFarlane, D. R.; Somers, A.; Forsyth, M., 
Anodising AZ31 in a Phosphonium Ionic Liquid: Corrosion Protection through 
Composite Film Deposition. J Electrochem Soc 2012, 159 (11), C539-C545.
44. Cytec Solvay Group, http://www.cytec.com/businesses/in-process-
separation/phosphine-specialties/products/phosphonium-salts-ionic-liquids.
45. Nakagawa, H.; Izuchi, S.; Kuwana, K.; Nukuda, T.; Aihara, Y., Liquid and 
Polymer Gel Electrolytes for Lithium Batteries Composed of Room-
Temperature Molten Salt Doped by Lithium Salt. J Electrochem Soc 2003, 150
(6), A695-A700.
46. Garcia, B.; Lavallee, S.; Perron, G.; Michot, C.; Armand, M., Room 
temperature molten salts as lithium battery electrolyte. Electrochim Acta 2004,
49 (26), 4583-4588.
47. Sakaebe, H.; Matsumoto, H., N-Methyl-N-propylpiperidinium 
bis(trifluoromethanesulfonyl)imide (PP 13-TFSI) - novel electrolyte base for 
Li battery. Electrochem Commun 2003, 5 (7), 594-598.
48. Sato, T.; Maruo, T.; Marukane, S.; Takagi, K., Ionic liquids containing 
carbonate solvent as electrolytes for lithium ion cells. J Power Sources 2004,
138 (1–2), 253-261.
49. Matsumoto, H.; Sakaebe, H.; Tatsumi, K., Preparation of room temperature 
ionic liquids based on aliphatic onium cations and. asymmetric amide anions 
and their electrochemical properties as a lithium battery electrolyte. J Power 
Sources 2005, 146 (1-2), 45-50.
50. Seki, S.; Kobayashi, Y.; Miyashiro, H.; Ohno, Y.; Mita, Y.; Usami, A.; Terada, 
N.; Watanabe, M., Reversibility of Lithium Secondary Batteries Using a 
Room-Temperature Ionic Liquid Mixture and Lithium Metal. Electrochemical 
and Solid-State Letters 2005, 8 (11), A577-A578.
51. Tatsuma, T.; Taguchi, M.; Oyama, N., Inhibition effect of covalently cross-
linked gel electrolytes on lithium dendrite formation. Electrochim Acta 2001,
46 (8), 1201-1205.
52. Bhatt, A. I.; Best, A. S.; Huang, J.; Hollenkamp, A. F., Application of the N -
propyl- N -methyl-pyrrolidinium Bis(fluorosulfonyl) imide RTIL containing 
lithium Bis(fluorosulfonyl)imide in ionic liquid based lithium batteries. J
Electrochem Soc 2010, 157 (1), A66-A74.
53. Monroe, C.; Newman, J., Dendrite Growth in Lithium/Polymer Systems: A 
Propagation Model for Liquid Electrolytes under Galvanostatic Conditions. J
Electrochem Soc 2003, 150 (10), A1377-A1384.
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
50
54. MacFarlane, D. R.; Forsyth, S. A.; Golding, J.; Deacon, G. B., Ionic liquids 
based on imidazolium, ammonium and pyrrolidinium salts of the dicyanamide 
anion. Green Chem 2002, 4 (5), 444-448.
55. Koch, V. R.; Nanjundiah, C.; Appetecchi, G. B.; Scrosati, B., The Interfacial 
Stability of Li with Two New Solvent-Free Ionic Liquids: 1,2-Dimethyl-3-
propylimidazolium Imide and Methide. J Electrochem Soc 1995, 142 (7), 
L116-L118.
56. Fuller, J.; Carlin, R. T.; Osteryoung, R. A., The Room Temperature Ionic 
Liquid 1-Ethyl-3-methylimidazolium Tetrafluoroborate: Electrochemical 
Couples and Physical Properties. J Electrochem Soc 1997, 144 (11), 3881-
3886.
57. MacFarlane, D. R.; Meakin, P.; Sun, J.; Amini, N.; Forsyth, M., Pyrrolidinium 
,PLGHVௗ$1HZ)DPLO\RI0ROWHQ6DOWVDQG&RQGXFWLYH3ODVWLF&U\VWDO3KDVHV
The Journal of Physical Chemistry B 1999, 103 (20), 4164-4170.
58. Howlett, P. C.; MacFarlane, D. R.; Hollenkamp, A. F., A sealed optical cell for 
the study of lithium-electrode electrolyte interfaces. J Power Sources 2003,
114 (2), 277-284.
59. Deguchi, Y.; Serra Moreno, J.; Panero, S.; Scrosati, B.; Ohno, H.; Appetecchi,
G. B., An advanced ionic liquid-lithium salt electrolyte mixture based on the 
bis(fluoromethanesulfonyl)imide anion. Electrochem Commun 2014, 43, 5-8.
60. Howlett, P. C.; MacFarlane, D. R.; Hollenkamp, A. F., High lithium metal 
cycling efficiency in a room-temperature ionic liquid. Electrochemical and 
Solid-State Letters 2004, 7 (5), A97-A101.
61. Saint, J.; Best, A. S.; Hollenkamp, A. F.; Kerr, J.; Shin, J. H.; Doeff, M. M., 
Compatibility of LixTiyMn1-yO2 (y=0, 0.11) electrode materials with 
pyrrolidinium-based ionic liquid electrolyte systems. J Electrochem Soc 2008,
155 (2), A172-A180.
62. Yoon, H.; Howlett, P. C.; Best, A. S.; Forsyth, M.; MacFarlane, D. R., Fast 
Charge/Discharge of Li Metal Batteries Using an Ionic Liquid Electrolyte. J
Electrochem Soc 2013, 160 (10), A1629-A1637.
63. Matsumoto, H.; Sakaebe, H.; Tatsumi, K.; Kikuta, M.; Ishiko, E.; Kono, M., 
Fast cycling of Li/LiCoO2 cell with low-viscosity ionic liquids based on 
bis(fluorosulfonyl)imide [FSI](-). J Power Sources 2006, 160 (2), 1308-1313.
64. Fernicola, A.; Croce, F.; Scrosati, B.; Watanabe, T.; Ohno, H., LiTFSI-
BEPyTFSI as an improved ionic liquid electrolyte for rechargeable lithium 
batteries. J Power Sources 2007, 174 (1), 342-348.
65. Zhou, Q.; Henderson, W. A.; Appetecchi, G. B.; Montanino, M.; Passerini, S., 
Physical and Electrochemical Properties of N-Alkyl-N-methylpyrrolidinium 
Bis(fluorosulfonyl)imide Ionic Liquids: PY13FSI and PY14FSI. J Phys Chem 
B 2008, 112 (43), 13577-13580.
66. Best, A. S.; Bhatt, A. I.; Hollenkamp, A. F., Ionic Liquids with the 
Bis(fluorosulfonyl) imide Anion: Electrochemical Properties and Applications 
in Battery Technology. J Electrochem Soc 2010, 157 (8), A903-A911.
67. Balducci, A.; Jeong, S. S.; Kim, G. T.; Passerini, S.; Winter, M.; Schmuck, M.; 
Appetecchi, G. B.; Marcilla, R.; Mecerreyes, D.; Barsukov, V.; Khomenko, V.; 
Cantero, I.; De Meatza, I.; Holzapfel, M.; Tran, N., Development of safe, green 
and high performance ionic liquids-based batteries (ILLIBATT project). J
Power Sources 2011, 196 (22), 9719-9730.
68. Matsui, Y.; Kawaguchi, S.; Sugimoto, T.; Kikuta, M.; Higashizaki, T.; Kono, 
M.; Yamagata, M.; Ishikawa, M., Charge-Discharge Characteristics of a 
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
51
LiNi1/3Mn1/3Co1/3O2 Cathode in FSI-based Ionic Liquids. Electrochemistry 
2012, 80 (10), 808-811.
69. Wongittharom, N.; Lee, T. C.; Hsu, C. H.; Fey, G. T. K.; Huang, K. P.; Chang, 
J. K., Electrochemical performance of rechargeable Li/LiFePO4 cells with 
ionic liquid electrolyte: Effects of Li salt at 25 degrees C and 50 degrees C. J
Power Sources 2013, 240, 676-682.
70. Xiang, J.; Wu, F.; Chen, R. J.; Li, L.; Yu, H. G., High voltage and safe 
electrolytes based on ionic liquid and sulfone for lithium-ion batteries. J Power 
Sources 2013, 233, 115-120.
71. Evans, T.; Olson, J.; Bhat, V.; Lee, S. H., Effect of organic solvent addition to 
PYR13FSI + LiFSI electrolytes on aluminum oxidation and rate performance 
of Li(Ni1/3Mn1/3Co1/3)O-2 cathodes. J Power Sources 2014, 265, 132-139.
72. Yoon, H.; Best, A. S.; Forsyth, M.; MacFarlane, D. R.; Howlett, P. C., Physical 
properties of high Li-ion content N-propyl-N-methylpyrrolidinium 
bis(fluorosulfonyl)imide based ionic liquid electrolytes. Phys Chem Chem 
Phys 2015, 17 (6), 4656-4663.
73. Chancelier, L.; Benayad, A.; Gutel, T.; Mailley, S.; Santini, C. C., 
Characterization of LTO//NMC Batteries Containing Ionic Liquid or 
Carbonate Electrolytes after Cycling and Overcharge. J Electrochem Soc 2015,
162 (6), A1008-A1013.
74. Chaudoy, V.; Ghamouss, F.; Jacquemin, J.; Houdbert, J.-C.; Tran-Van, F., On 
the Performances of Ionic Liquid-Based Electrolytes for Li-NMC Batteries. J
Solution Chem 2015, 1-21.
75. Vander Hoogerstraete, T.; Wellens, S.; Verachtert, K.; Binnemans, K., 
Removal of transition metals from rare earths by solvent extraction with an 
undiluted phosphonium ionic liquid: separations relevant to rare-earth magnet 
recycling. Green Chem 2013, 15 (4), 919-927.
76. Bradaric, C. J.; Downard, A.; Kennedy, C.; Robertson, A. J.; Zhou, Y. H., 
Industrial preparation of phosphonium ionic liquids. Green Chem 2003, 5 (2), 
143-152.
77. Dias, A. M. A.; Marceneiro, S.; Braga, M. E. M.; Coelho, J. F. J.; Ferreira, A. 
G. M.; Simões, P. N.; Veiga, H. I. M.; Tomé, L. C.; Marrucho, I. M.; Esperança, 
J. M. S. S.; Matias, A. A.; Duarte, C. M. M.; Rebelo, L. P. N.; de Sousa, H. C., 
Phosphonium-based ionic liquids as modifiers for biomedical grade poly(vinyl 
chloride). Acta Biomaterialia 2012, 8 (3), 1366-1379.
78. Tsunashima, K.; Yonekawa, F.; Sugiya, M., A lithium battery electrolyte based 
on a room-temperature phosphonium ionic liquid. Chem Lett 2008, 37 (3), 314-
315.
79. Tsunashima, K.; Sugiya, M., Electrochemical Behavior of lithium in room-
temperature phosphonium ionic liquids as lithium battery electrolytes. 
Electrochem Solid St 2008, 11 (2), A17-A19.
80. Tsunashima, K.; Yonekawa, F.; Sugiya, M., Lithium Secondary Batteries 
Using a Lithium Nickelate-Based Cathode and Phosphonium Ionic Liquid 
Electrolytes. Electrochem Solid St 2009, 12 (3), A54-A57.
81. Tsunashima, K.; Kodama, S.; Sugiya, M.; Kunugi, Y., Physical and 
electrochemical properties of room-temperature dicyanamide ionic liquids 
based on quaternary phosphonium cations. Electrochim Acta 2010, 56 (2), 762-
766.
82. Tsunashima, K.; Kawabata, A.; Matsumiya, M.; Kodama, S.; Enomoto, R.; 
Sugiya, M.; Kunugi, Y., Low viscous and highly conductive phosphonium 
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
52
ionic liquids based on bis(fluorosulfonyl)amide anion as potential electrolytes. 
Electrochem Commun 2011, 13 (2), 178-181.
83. Tsunashima, K.; Sakai, Y.; Matsumiya, M., Physical and electrochemical 
properties of phosphonium ionic liquids derived from trimethylphosphine. 
Electrochem Commun 2014, 39, 30-33.
84. Appetecchi, G. B.; Montanino, M.; Balducci, A.; Lux, S. F.; Winterb, M.; 
Passerini, S., Lithium insertion in graphite from ternary ionic liquid-lithium 
salt electrolytes I. Electrochemical characterization of the electrolytes. J Power 
Sources 2009, 192 (2), 599-605.
85. Yoon, H.; Lane, G. H.; Shekibi, Y.; Howlett, P. C.; Forsyth, M.; Best, A. S.; 
MacFarlane, D. R., Lithium electrochemistry and cycling behaviour of ionic 
liquids using cyano based anions. Energ Environ Sci 2013, 6 (3), 979-986.
86. Hilder, M.; Girard, G. M. A.; Whitbread, K.; Zavorine, S.; Moser, M.; 
Nucciarone, D.; Forsyth, M.; MacFarlane, D. R.; Howlett, P. C., 
Physicochemical characterization of a new family of small alkyl phosphonium 
imide ionic liquids. Electrochim Acta 2016, 202, 100-109.
87. Armel, V.; Pringle, J. M.; Forsyth, M.; MacFarlane, D. R.; Officer, D. L.; 
Wagner, P., Ionic liquid electrolyte porphyrin dye sensitised solar cells. Chem 
Commun 2010, 46 (18), 3146-3148.
88. Tsunashima, K., Phosphonium-Based Ionic Liquids. In Rechargeable 
Batteries, Zhang, Z.; Zhang, S. S., Eds. Springer International Publishing: 
2015; pp 291-310.
89. Tsunashima, K.; Ono, Y.; Sugiya, M., Physical and electrochemical 
characterization of ionic liquids based on quaternary phosphonium cations 
containing a carbon–carbon double bond. Electrochim Acta 2011, 56 (11), 
4351-4355.
90. K. Tsunashima, M. S., Physical and electrochemical properties of room 
temperature ionic liquids based on quaternary phosphonium cations. 
Electrochemistry 2007, 734-736.
91. Tsunashima, K.; Yonekawa, F.; Kikuchi, M.; Sugiya, M., Effect of Quaternary 
Phosphonium Salts in Organic Electrolyte for Lithium Secondary Batteries. 
Electrochemistry 2011, 79 (6), 453-457.
92. Shin, J. H.; Henderson, W. A.; Passerini, S., PEO-based polymer electrolytes 
with ionic liquids and their use in lithium metal-polymer electrolyte batteries. 
J Electrochem Soc 2005, 152 (5), A978-A983.
93. Han, H.-B.; Zhou, S.-S.; Zhang, D.-J.; Feng, S.-W.; Li, L.-F.; Liu, K.; Feng, 
W.-F.; Nie, J.; Li, H.; Huang, X.-J.; Armand, M.; Zhou, Z.-B., Lithium 
bis(fluorosulfonyl)imide (LiFSI) as conducting salt for nonaqueous liquid 
electrolytes for lithium-ion batteries: Physicochemical and electrochemical 
properties. J Power Sources 2011, 196 (7), 3623-3632.
94. Eshetu, G. G.; Grugeon, S.; Gachot, G.; Mathiron, D.; Armand, M.; Laruelle, 
S., LiFSI vs. LiPF6 electrolytes in contact with lithiated graphite: Comparing 
thermal stabilities and identification of specific SEI-reinforcing additives. 
Electrochim Acta 2013, 102, 133-141.
95. Kühnel, R.-S.; Balducci, A., Comparison of the anodic behavior of aluminum 
current collectors in imide-based ionic liquids and consequences on the 
stability of high voltage supercapacitors. J Power Sources 2014, 249, 163-171.
96. Cho, E.; Mun, J.; Chae, O. B.; Kwon, O. M.; Kim, H.-T.; Ryu, J. H.; Kim, Y. 
G.; Oh, S. M., Corrosion/passivation of aluminum current collector in 
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
53
bis(fluorosulfonyl)imide-based ionic liquid for lithium-ion batteries. 
Electrochem Commun 2012, 22, 1-3.
97. Tsunashima, K.; Yonekawa, F.; Kikuchi, M.; Sugiya, M., Effect of quaternary 
phosphonium salts in organic electrolyte for lithium secondary batteries. In 
Electrochemistry, 2011; Vol. 79, pp 453-457.
98. Matsumoto, H.; Yanagida, M.; Tanimoto, K.; Nomura, M.; Kitagawa, Y.; 
Miyazaki, Y., Highly Conductive Room Temperature Molten Salts Based on 
Small Trimethylalkylammonium Cations and 
Bis(trifluoromethylsulfonyl)imide. Chem Lett 2000, 29 (8), 922-923.
99. Ishikawa, M.; Sugimoto, T.; Kikuta, M.; Ishiko, E.; Kono, M., Pure ionic liquid 
electrolytes compatible with a graphitized carbon negative electrode in 
rechargeable lithium-ion batteries. J Power Sources 2006, 162 (1), 658-662.
100. Holzapfel, M.; Jost, C.; Novak, P., Stable cycling of graphite in an ionic liquid 
based electrolyte. Chem Commun 2004, (18), 2098-2099.
101. Baranchugov, V.; Markevich, E.; Pollak, E.; Salitra, G.; Aurbach, D., 
Amorphous silicon thin films as a high capacity anodes for Li-ion batteries in 
ionic liquid electrolytes. Electrochem Commun 2007, 9 (4), 796-800.
102. Borgel, V.; Markevich, E.; Aurbach, D.; Semrau, G.; Schmidt, M., On the 
application of ionic liquids for rechargeable Li batteries: High voltage systems. 
J Power Sources 2009, 189 (1), 331-336.
103. Plashnitsa, L. S.; Kobayashi, E.; Okada, S.; Yamaki, J.-i., Symmetric lithium-
ion cell based on lithium vanadium fluorophosphate with ionic liquid 
electrolyte. Electrochim Acta 2011, 56 (3), 1344-1351.
104. Bayley, P. M.; Lane, G. H.; Rocher, N. M.; Clare, B. R.; Best, A. S.; 
MacFarlane, D. R.; Forsyth, M., Transport properties of ionic liquid 
electrolytes with organic diluents. Phys Chem Chem Phys 2009, 11 (33), 7202-
7208.
105. Cheng, X.-B.; Zhang, R.; Zhao, C.-Z.; Wei, F.; Zhang, J.-G.; Zhang, Q., A 
Review of Solid Electrolyte Interphases on Lithium Metal Anode. Advanced 
Science 2016, 3 (3), n/a-n/a.
106. Howlett, P. C.; Brack, N.; Hollenkamp, A. F.; Forsyth, M.; MacFarlane, D. R., 
Characterization of the lithium surface in N-methyl-N-alkylpyrrolidinium 
bis(trifluoromethanesulfonyl) amide room-temperature ionic liquid 
electrolytes. J Electrochem Soc 2006, 153 (3), A595-A606.
107. Basile, A.; Bhatt, A. I.; O'Mullane, A. P., A Combined Scanning Electron 
Micrograph and Electrochemical Study of the Effect of Chemical Interaction 
on the Cyclability of Lithium Electrodes in an Ionic Liquid Electrolyte. Aust J 
Chem 2012, 65 (11), 1534-1541.
108. Hu, M.; Pang, X. L.; Zhou, Z., Recent progress in high-voltage lithium ion 
batteries. J Power Sources 2013, 237, 229-242.
109. Xiong, S.; Xie, K.; Blomberg, E.; Jacobsson, P.; Matic, A., Analysis of the 
solid electrolyte interphase formed with an ionic liquid electrolyte for lithium-
sulfur batteries. J Power Sources 2014, 252, 150-155.
110. Seki, S.; Ohno, Y.; Mita, Y.; Serizawa, N.; Takei, K.; Miyashiro, H., 
Imidazolium-Based Room-Temperature Ionic Liquid for Lithium Secondary 
Batteries: Relationships between Lithium Salt Concentration and Battery 
Performance Characteristics. Ecs Electrochem Lett 2012, 1 (6), A77-A79.
111. Bhatt, A. I.; Kao, P.; Best, A. S.; Hollenkamp, A. F., Understanding the 
Morphological Changes of Lithium Surfaces during Cycling in Electrolyte 
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
54
Solutions of Lithium Salts in an Ionic Liquid. J Electrochem Soc 2013, 160 (8), 
A1171-A1180.
112. Torimoto, T.; Tsuda, T.; Okazaki, K. I.; Kuwabata, S., New frontiers in 
materials science opened by ionic liquids. Advanced Materials 2010, 22 (11), 
1196-1221.
113. Sutto, T. E.; Duncan, T. T.; Wong, T. C., X-ray diffraction studies of 
electrochemical graphite intercalation compounds of ionic liquids. Electrochim 
Acta 2009, 54 (24), 5648-5655.
114. Hashimoto, H.; Ohno, A.; Nakajima, K.; Suzuki, M.; Tsuji, H.; Kimura, K., 
Surface characterization of imidazolium ionic liquids by high-resolution 
Rutherford backscattering spectroscopy and X-ray photoelectron spectroscopy. 
Surface Science 2010, 604 (3–4), 464-469.
115. Yoon, H. A study of pyrrolidinium bis(fluorosulfonyl)imide based ionic liquids 
for lithium metal batteries. Monash University, 2013.
116. Suo, L. M.; Hu, Y. S.; Li, H.; Armand, M.; Chen, L. Q., A new class of Solvent-
in-Salt electrolyte for high-energy rechargeable metallic lithium batteries. Nat 
Commun 2013, 4.
117. Hy, S.; Felix; Chen, Y. H.; Liu, J. Y.; Rick, J.; Hwang, B. J., In situ surface 
enhanced Raman spectroscopic studies of solid electrolyte interphase 
formation in lithium ion battery electrodes. J Power Sources 2014, 256, 324-
328.
118. Wang, C. M.; Xu, W.; Liu, J.; Choi, D. W.; Arey, B.; Saraf, L. V.; Zhang, J. 
G.; Yang, Z. G.; Thevuthasan, S.; Baer, D. R.; Salmon, N., In situ transmission 
electron microscopy and spectroscopy studies of interfaces in Li ion batteries: 
Challenges and opportunities. J Mater Res 2010, 25 (8), 1541-1547.
119. Basile, A.; Bhatt, A. I.; O’Mullane, A. P., A Combined Scanning Electron 
Micrograph and Electrochemical Study of the Effect of Chemical Interaction 
on the Cyclability of Lithium Electrodes in an Ionic Liquid Electrolyte. Aust J 
Chem 2012, 65 (11), 1534-1541.
120. Basile, A.; Hollenkamp, A. F.; Bhatt, A. I.; O'Mullane, A. P., Extensive charge-
discharge cycling of lithium metal electrodes achieved using ionic liquid 
electrolytes. Electrochem Commun 2013, 27, 69-72.
121. Grande, L.; von Zamory, J.; Koch, S. L.; Kalhoff, J.; Paillard, E.; Passerini, S., 
Homogeneous Lithium Electrodeposition with Pyrrolidinium-Based Ionic 
Liquid Electrolytes. ACS Appl Mater Interfaces 2015.
122. Basile, A. Identifying the Solid-Electrolyte Interphase formed on Lithium 
Metal Electrodes using Room Temperature Ionic Liquid based Electrolytes. 
RMIT University, 2014.
123. Wang, L.; Byon, H. R., N-Methyl-N-propylpiperidinium 
bis(trifluoromethanesulfonyl)imide-based organic electrolyte for high 
performance lithium–sulfur batteries. J Power Sources 2013, 236, 207-214.
124. Zheng, J.; Gu, M.; Chen, H.; Meduri, P.; Engelhard, M. H.; Zhang, J.-G.; Liu, 
J.; Xiao, J., Ionic liquid-enhanced solid state electrolyte interface (SEI) for 
lithium-sulfur batteries. Journal of Materials Chemistry A 2013, 1 (29), 8464-
8470.
125. Aurbach, D.; Zaban, A.; Schechter, A.; Eineli, Y.; Zinigrad, E.; Markovsky, 
B., The Study of Electrolyte-Solutions Based on Ethylene and Diethyl 
Carbonates for Rechargeable Li Batteries .1. Li Metal Anodes. J Electrochem 
Soc 1995, 142 (9), 2873-2882.
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
55
126. Lane, G. H.; Bayley, P. M.; Clare, B. R.; Best, A. S.; MacFarlane, D. R.; 
Forsyth, M.; Hollenkamp, A. F., Ionic Liquid Electrolyte for Lithium Metal 
Batteries: Physical, Electrochemical, and Interfacial Studies of N-Methyl-N-
butylmorpholinium Bis(fluorosulfonyl)imide. J Phys Chem C 2010, 114 (49), 
21775-21785.
127. Girard, G. M. A.; Hilder, M.; Zhu, H.; Nucciarone, D.; Whitbread, K.; 
Zavorine, S.; Moser, M.; Forsyth, M.; MacFarlane, D. R.; Howlett, P. C., 
Electrochemical and physicochemical properties of small phosphonium cation 
ionic liquid electrolytes with high lithium salt content. Phys Chem Chem Phys 
2015.
128. Lin, X.; Kavian, R.; Lu, Y.; Hu, Q.; Shao-Horn, Y.; Grinstaff, M. W., 
Thermally-responsive, nonflammable phosphonium ionic liquid electrolytes 
for lithium metal batteries: operating at 100 degrees celsius. Chemical Science 
2015.
129. Grande, L.; Paillard, E.; Kim, G. T.; Monaco, S.; Passerini, S., Ionic liquid 
electrolytes for li-air batteries: lithium metal cycling. International journal of 
molecular sciences 2014, 15 (5), 8122-37.
130. Piper, D. M.; Evans, T.; Leung, K.; Watkins, T.; Olson, J.; Kim, S. C.; Han, S. 
S.; Bhat, V.; Oh, K. H.; Buttry, D. A.; Lee, S.-H., Stable silicon-ionic liquid 
interface for next-generation lithium-ion batteries. Nat Commun 2015, 6.
131. Jang, I.-C.; Ida, S.; Ishihara, T., Lithium Depletion and the Rechargeability of 
Li–O2 Batteries in Ether and Carbonate Electrolytes. ChemElectroChem 2015,
2 (9), 1380-1384.
132. Li, F.; Zhang, T.; Yamada, Y.; Yamada, A.; Zhou, H., Enhanced Cycling 
Performance of Li-O2 Batteries by the Optimized Electrolyte Concentration of 
LiTFSA in Glymes. Adv Energy Mater 2013, 3 (4), 532-538.
133. Qian, J.; Henderson, W. A.; Xu, W.; Bhattacharya, P.; Engelhard, M.; Borodin, 
O.; Zhang, J.-G., High rate and stable cycling of lithium metal anode. Nat 
Commun 2015, 6.
134. Lu, Y.; Korf, K.; Kambe, Y.; Tu, Z.; Archer, L. A., Ionic-Liquid–Nanoparticle 
Hybrid Electrolytes: Applications in Lithium Metal Batteries. Angewandte 
Chemie International Edition 2014, 53 (2), 488-492.
135. Guyomard-Lack, A.; Abusleme, J.; Soudan, P.; Lestriez, B.; Guyomard, D.; 
Bideau, J. L., Hybrid Silica–Polymer Ionogel Solid Electrolyte with Tunable 
Properties. Adv Energy Mater 2014, 4 (8), n/a-n/a.
136. Jin, L. Y.; Howlett, P. C.; Pringle, J. M.; Janikowski, J.; Armand, M.; 
MacFarlane, D. R.; Forsyth, M., An organic ionic plastic crystal electrolyte for 
rate capability and stability of ambient temperature lithium batteries. Energ 
Environ Sci 2014, 7 (10), 3352-3361.
137. Xu, W.; Wang, J. L.; Ding, F.; Chen, X. L.; Nasybutin, E.; Zhang, Y. H.; 
Zhang, J. G., Lithium metal anodes for rechargeable batteries. Energ Environ 
Sci 2014, 7 (2), 513-537.
138. Besenhard, J. O.; Gürtler, J.; Komenda, P.; Paxinos, A., Corrosion protection 
of secondary lithium electrodes in organic electrolytes. J Power Sources 1987,
20 (3), 253-258.
139. Gireaud, L.; Grugeon, S.; Laruelle, S.; Yrieix, B.; Tarascon, J. M., Lithium 
metal stripping/plating mechanisms studies: A metallurgical approach. 
Electrochem Commun 2006, 8 (10), 1639-1649.
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
56
140. Yamaki, J.-i.; Tobishima, S.-i.; Hayashi, K.; Keiichi, S.; Nemoto, Y.; Arakawa, 
M., A consideration of the morphology of electrochemically deposited lithium 
in an organic electrolyte. J Power Sources 1998, 74 (2), 219-227.
141. Kanamura, K.; Tamura, H.; Shiraishi, S.; Takehara, Z.-i., Morphology and 
chemical compositions of surface films of lithium deposited on a Ni substrate 
in nonaqueous electrolytes. J Electroanal Chem 1995, 394 (1–2), 49-62.
142. Aurbach, D.; Weissman, I.; Zaban, A.; Chusid, O., Correlation between surface 
chemistry, morphology, cycling efficiency and interfacial properties of Li 
electrodes in solutions containing different Li salts. Electrochim Acta 1994, 39
(1), 51-71.
143. Ota, H.; Sakata, Y.; Wang, X.; Sasahara, J.; Yasukawa , E., Characterization 
of Lithium Electrode in Lithium Imides/Ethylene Carbonate and Cyclic Ether 
Electrolytes: II. Surface Chemistry. J Electrochem Soc 2004, 151 (3), A437-
A446.
144. López, C. M.; Vaughey, J. T.; Dees, D. W., Morphological Transitions on 
Lithium Metal Anodes. J Electrochem Soc 2009, 156 (9), A726-A729.
145. Stark, J. K.; Ding, Y.; Kohl, P. A., Dendrite-Free Electrodeposition and 
Reoxidation of Lithium-Sodium Alloy for Metal-Anode Battery. J
Electrochem Soc 2011, 158 (10), A1100-A1105.
146. Orsini, F.; Du Pasquier, A.; Beaudoin, B.; Tarascon, J. M.; Trentin, M.; 
Langenhuizen, N.; De Beer, E.; Notten, P., In situ Scanning Electron 
Microscopy (SEM) observation of interfaces within plastic lithium batteries. J
Power Sources 1998, 76 (1), 19-29.
147. Orsini, F.; du Pasquier, A.; Beaudouin, B.; Tarascon, J. M.; Trentin, M.; 
Langenhuizen, N.; de Beer, E.; Notten, P., In situ SEM study of the interfaces 
in plastic lithium cells. J Power Sources 1999, 81–82, 918-921.
148. Lv, D. P.; Shao, Y. Y.; Lozano, T.; Bennett, W. D.; Graff, G. L.; Polzin, B.; 
Zhang, J. G.; Engelhard, M. H.; Saenz, N. T.; Henderson, W. A.; Bhattacharya, 
P.; Liu, J.; Xiao, J., Failure Mechanism for Fast-Charged Lithium Metal 
Batteries with Liquid Electrolytes. Adv Energy Mater 2015, 5 (3).
149. Paillard, E.; Zhou, Q.; Henderson, W. A.; Appetecchi, G. B.; Montanino, M.; 
Passerini, S., Electrochemical and Physicochemical Properties of PY(14)FSI-
Based Electrolytes with LiFSI. J Electrochem Soc 2009, 156 (11), A891-A895.
150. Kunze, M.; Jeong, S.; Appetecchi, G. B.; Schonhoff, M.; Winter, M.; Passerini, 
S., Mixtures of ionic liquids for low temperature electrolytes. Electrochim Acta 
2012, 82, 69-74.
151. Noda, A.; Hayamizu, K.; Watanabe, M., Pulsed-*UDGLHQW6SLQí(FKR+DQG
19F NMR Ionic Diffusion Coefficient, Viscosity, and Ionic Conductivity of 
Non-Chloroaluminate Room-Temperature Ionic Liquids. The Journal of 
Physical Chemistry B 2001, 105 (20), 4603-4610.
152. Susan, M. A. B. H.; Noda, A.; Watanabe, M., Diffusion in Ionic Liquids and 
Correlation with Ionic Transport Behavior. In Electrochemical Aspects of Ionic 
Liquids, John Wiley & Sons, Inc.: 2005; pp 55-74.
153. Zugmann, S.; Fleischmann, M.; Amereller, M.; Gschwind, R. M.; Wiemhofer, 
H. D.; Gores, H. J., Measurement of transference numbers for lithium ion 
electrolytes via four different methods, a comparative study. Electrochim Acta 
2011, 56 (11), 3926-3933.
154. Hafezi, H.; Newman, J., Verification and analysis of transference number 
measurements by the galvanostatic polarization method. J Electrochem Soc 2000,
147 (8), 3036-3042.
Chapter 1
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
57
155. Han, H. B.; Liu, K.; Feng, S. W.; Zhou, S. S.; Feng, W. F.; Nie, J.; Li, H.; 
Huang, X. J.; Matsumoto, H.; Armand, M.; Zhou, Z. B., Ionic liquid 
electrolytes based on multi-methoxyethyl substituted ammoniums and 
perfluorinated sulfonimides: Preparation, characterization, and properties. 
Electrochim Acta 2010, 55 (23), 7134-7144.
156. Martins, V. L.; Sanchez-Ramirez, N.; Ribeiro, M. C. C.; Torresi, R. M., Two 
phosphonium ionic liquids with high Li+ transport number. Phys Chem Chem 
Phys 2015, 17 (35), 23041-23051.
Chapter 2
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
58
Chapter 2 Materials and methods
Chapter 2
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
59
2.1 Materials and preparation procedures
2.1.1 Electrolytes 
2.1.1.1 Room Temperature Ionic Liquids (RTILs) 
The following RTILs were provided by Cytec Canada Inc. with > 99.5 % purity:
x trimethyl(isobutyl)phosphonium bis(flurosulfonyl)imide: P111i4FSI (i.e. 
[P111i4+][FSI-]), where P111i4+ is the cation and FSI- is the anion (FSI = 
N(SO2F)2)
x a mixture of the FSI anion and the four following cations: PmixFSI, 
tripropyl(methyl)phosphonium (P3331), ethyl methyl dipropyl phosphonium 
(P3321), diethyl methyl propyl phosphonium (P3221) and triethyl methyl 
phosphonium (P2221). The actual chemical composition is 
(P3331)0.10(P3321)0.22(P3221)0.35(P2221)0.33 + FSI
The chemical structures of the RTILs are presented below.
Figure 15 Chemical structure of P111i4FSI
Figure 16 Chemical structure of PmixFSI
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(i) The description of the preparation of P111i4FSI is shown in Figure 17.
Isobutylphosphine was reacted with trimethylphosphate (US7,829,744 B2) resulting 
in the formation of the intermediate. The intermediate was further converted into the 
desired IL by metathesis with potassium bis(fluorosulfonyl)imide. The final product 
was isolated and purified.
H2P (O)P(OMe)3
neat P
CYTOP 141
O(O)P(OMe)2
2HO(O)P(OMe)2
KFSI P NS S
O
OF O
O
F
CYPHOS IL 649
Figure 17 Description of preparation of P111i4FSI by Cytec Canada Inc.
(ii) A description of the preparation of PmixFSI is given in Figure 18.
A mixture of ethylene and propylene (60:40 ratio) was reacted in an autoclave with 
phosphine in the presence of toluene and the catalyst Vazo 67 (2,2’azobis-(2-
methylbutyronitrile), Dupont) initiating the free radical addition of phosphine to the 
olefin. The reaction proceeded with the formation of the four specific tertiary 
alkylphosphines.
PH3, 90 0C, VAZO 67
P P
P P
+toluene
P
P
P P
4 I
P P
P P
+
CH3I +
P
P
P P
+
4 N(SO2F)2
CYPHOS IL 650
+ KFSI
- KI
Figure 18 Description of preparation of PmixFSI by Cytec Canada Inc.
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The mixture was alkylated with methyl iodide. The resultant mixture of the 
phosphonium iodides was isolated and converted to the desired IL by aqueous 
metathesis with potassium bis(fluorosulfonyl)amide. 
To better understand the effect of cation contribution to the transport properties of the 
IL, the initial composition was optimised by Cytec Canada Inc. to synthesise an IL 
with improved transport properties (e.g. low viscosity, low melting point). 
Triethyl(methyl)phosphonium FSI (P2221FSI) is a solid at room temperature1 (melting 
point: -47 °C) and tripropyl(methyl)phosphonium FSI (P3331FSI) is a liquid with better 
transport properties (as mentioned by Cytec Canada Inc.). Cytec Canada Inc. found 
that increasing the content of P2221FSI in mixtures of P2221FSI and P3331FSI improved 
the viscosity and conductivity of the final mixture. To simplify the synthesis (P2221FSI 
is a solid at room temperature) and to be cost competitive, Cytec Canada Inc. looked 
at making blends of four cations and the initial composition with a 60:40 ratio of 
ethylene:propylene became their preferred IL of this type.
2.1.1.2 Other electrolyte materials
The lithium salt used to formulate the IL electrolytes was lithium 
bis(fluorosulfonyl)imide (LiFSI) and was provided by Solvionic (France). The salt was 
used without further purification (purity > 99.5 %, FW = 187.07, M.P = 145 °C).
Sodium hydride (NaH) was provided by Sigma Aldrich (60 % dispersion in mineral 
oil) and was used for drying the formulated electrolytes.
2.1.1.3 Preparation of IL-based electrolytes
Initially, the binary IL electrolyte mixtures with LiFSI were prepared by adding and 
dissolving the appropriate amounts (0.5-3.8 mol.kg-1) followed by drying under 
vacuum for 48 hours at 80 °C in the presence of sodium hydride (NaH, Sigma 
AldrichTM), as shown in Figure 19, until the water content (determined by Karl Fischer 
titration analysis) was below 50 ppm. The materials were stored in hermetically sealed 
glass vials in a controlled environment (argon glovebox with < 5 ppm H2O; < 10 ppm 
O2).
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Figure 19 Drying process of a solution of 3.2 mol.kg-1 of LiFSI in the ionic liquid 
P111i4FSI
The maximum concentration of LiFSI in this IL was determined by sequential 
additions of the salt, with stirring at 80 °C for 48 h, until undissolved salt could be 
observed visually. The saturated solution corresponds to the solution in which the 
additional lithium salt could not be dissolved at room temperature (25 °C). Table 10
lists the concentrations of each electrolyte and the molar ratio of each ion in solution. 
The highest Li salt concentration achieved resulting in a saturated solution at 25 °C, is 
3.8 mol.kg-1 (55 mol % of Li salt in the IL). In this thesis, the solution of 3.8 mol.kg-1 
of LiFSI in P111i4FSI is referred to as the highly concentrated IL electrolyte whereas 
the solution of 0.5 mol.kg-1 of LiFSI in P111i4FSI is referred to as the dilute concentrated 
IL electrolyte.
Table 10 Composition of electrolytes investigated (P111i4FSI)
LiFSI molality 
(mol.kg-1)
LiFSI molarity 
(M, mol.L-1)
Mole ratio of each ion
Li+ P+ FSI-
0 (neat IL) 0 0.00 0.50 0.50
0.5 0.6 0.07 0.43 0.50
1.0 1.2 0.12 0.38 0.50
2.0 2.1 0.19 0.31 0.50
3.2 3.0 0.25 0.25 0.50
3.8 3.4 0.27 0.23 0.50
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2.1.1.4 Standard organic carbonate electrolyte
An electrolyte that is used in commercially available Li-ion batteries was used as a 
reference electrolyte. The lithium hexafluorophosphate (LiPF6, 1M) - ethylene 
carbonate (EC) dimethylcarbonate (DMC) (1:1 v/v) electrolyte was used as a 
conventional organic electrolyte (Solvionic, 99.9 %). This electrolyte is sometimes 
referred to as LP 30 electrolyte. The chemical structures of the organic carbonates are 
presented below in Figure 20.
Figure 20 Chemical structures of ethylene carbonate (left) dimethylcarbonate (right)
2.1.2 Inert atmosphere glovebox (Argon)
Because of the high reactivity of lithium metal with water (H2O), oxygen gas (O2) and 
nitrogen gas (N2) all samples were stored and handled in a high purity argon 
atmosphere glovebox (Korea Kiyon), as shown in Figure 21. The water and oxygen 
levels were maintained below 1 ppm. The purity of the argon (Ar) gas (BOC Australia, 
99.9 %) was maintained by circulating the atmosphere through molecular sieves and 
copper catalyst, to remove H2O and O2, respectively. 
All relevant chemicals and materials were stored within the glovebox and introduced 
via an antechamber, which was evacuated to 1.103 mbars and refilled with Ar gas at 
least three times before any material was introduced into the glovebox. This 
methodology was standard technique performed to maintain the internal atmosphere.
High vacuum was maintained through a diaphragm pump.
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Figure 21 Standard glovebox filled with Ar gas (Korea Kiyon)
2.1.3 Fabrication of high voltage cathodes for Li batteries
The high voltage cathode material that was selected for the fabrication and testing of 
Li batteries was LiNiMnCoO2, also called NMC (L&F Material). The starting material 
was a powder. A paste mixture containing the NMC material, conductive carbon black 
(C65 C-Nergy super, Timcal) and poly(vinylidene fluoride) (PVDF, Solvay) as a 
binder was prepared with the following weight ratio 80:10:10 to fabricate the cathode 
film. N-methylpyrrolidinone (NMP, Sigma AldrichTM) was used as a dispersant for the 
formulation. 
The paste mixture was spread onto an aluminium (Al) current collector (battery grade, 
Hohsen) with a drawdown coater. The casted film, shown in Figure 22, was left to dry 
in a fume cupboard at ambient temperature overnight before being placed inside an 
oven at 100 °C to ensure the evaporation of the NMP solvent. The content of the active 
material was ca. 1.5 mg.cm-2. Li foil (S.A = 0.785 cm2ȝPWKLFNQHVV 99.9 %,
Sigma Aldrich) was used as anode material. For all Li cells the foil was brushed and 
rinsed in hexane.
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Figure 22 Digital image of a film of LiNiMnCoO2 (NMC) cast onto Al and SEM 
image of the NMC coating
2.1.4 Li symmetrical coin cells (CR2032 type)
Li symmetrical cells (CR2032 type, Figure 23) were used to study the cell cycling 
ability and to investigate the Li metal surface. All Li | Li cells were assembled inside 
a glove box with Li metal used as the working and counter electrodes, according to the 
following procedure. CR2032-type lithium symmetrical cells were prepared with 10 
PPGLDPHWHUOLWKLXPGLVNVDQGȝPWKLFNDQGD-ȝPWKLFNmicro-porous 
polypropylene separator (Celgard Inc.) in an Ar-filled glove box. To standardise the 
SURWRFROȝ/RIHOHFWURO\WHZDVXVHGLQHDFKFRLQFHOO&HOOVZHUHWKHQVWRUHGIRU
hours at 50 °C inside an oven (Precision Compact, Thermo Scientific) and the open 
circuit potential (OCP) was monitored. The active area of the cells thus fabricated was 
ca. 1 cm2. All Li | Li cells were assembled within a few hours to ensure similar initial 
SEI properties, then placed inside the oven at 50 ± 0.1 °C. Three replicates were made 
to assess the reproducibility of the cells and the results reported are representative of 
the majority.
7KHSURGXFWLRQRIWKLQVWULSVRI/LPHWDOȝPZDVSHUIRUPHGXVLQJDFXVWRP-built 
stainless steel press die, as shown in Figure 24$ȝPGLVNPPGLDPHWHUZDV
placed onto the bottom part of the press and covered with the interchangeable die. Firm 
pressure was applied onto the press die with a roller and a glass plate until the desired 
thickness was obtained. The thickness was measured with a micrometer caliper.
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Figure 23 Coin cell (CR2032 type) and cell components
Figure 24 Interchangeable press die to produce thin strips of metal
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Galvanostatic cycling was used to study the cycling behaviour of the electrolytes at 
the Li electrode. The use of symmetrical cells presents one main advantage: any 
complex process from another electrode material is removed, ensuring that the only 
response detected is related to the lithium electrode. Galvanostatic cycling consists of 
applying a square wave voltage to the cell and observing the cell response over time. 
With this technique, a Li electrode can be electrochemically tested for cycling, 
capacity fade, resistance and polarisation effects. It also allows the preparation of 
representative electrode surfaces for analysis. The cycling data are typically 
represented as a voltage-time plot, as shown in Figure 25, but also as a cycle number 
dependence of charge/discharge capacity for calculation of the average coulombic 
efficiency (CE).
Figure 25 Example of voltage-time profile during subsequent lithium 
plating/stripping processes on the WE in a Li | Li symmetrical cell containing 3.8 
mol.kg-1 LiFSI in P111i4FSI as electrolyte at j = 1.5 mA.cm-2, at 50 °C.
Galvanostatic cycling tests and electrochemical impedance spectroscopy (EIS) 
measurements were carried out using a Multichannel Potentiostat VMP3 (Bio-Logic) 
at 50°C in the oven. The current density for the Li metal plating/stripping was typically 
set to 1.5 (and 12) mA.cm-2 with cut-off voltages of 0.5 and -0.5 V vs. Li / Li+. During 
each cycle, 3 (and 6) mA.h.cm-2 was deposited on the Li substrate at various current 
densities and then stripped. The cells were thermally equilibrated at 50°C for 24 h 
before the beginning of each test.
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2.2 Electrolyte characterisation
2.2.1 Water content
The water content of the electrolytes and neat IL was measured using a Model 831 
Karl Fisher Coulometer (Metrohm) using Hydranal® Coulomat AG as the titrant. The 
standard error for the water content measurement was about ± 1 %.
2.2.2 Differential Scanning Calorimetry (DSC)
The phase behaviour (glass transition temperatures, melting temperatures, transition 
entropies and transition enthalpies) of the neat ILs and then the binary IL electrolyte 
solutions was analysed by using a differential scanning calorimeter (Mettler Toledo 
DSC1 instrument) with a cooling rate of 5 °C min-1 and a heating rate of 10 °C min-1.
Cyclohexane analytical standard (99.5 %, Sigma Aldrich) was used to calibrate the 
instrument.
The temperature for each phase transition was determined from the onset on the 
heating scan (with a standard error of ± 0.2 °C) while the enthalpy was derived from 
integration of the peak area.  Entropies were calculated by dividing the enthalpy by the 
onset temperature. For the glass transitions the midpoint of the peak was used as the 
glass transition temperature.
2.2.3 Density/Dynamic viscosity
Density measurements was carried out using a density/specific gravity meter (Anton 
Paar DMA5000) from 20 to 80 °C using 10 °C interval steps. This density meter uses 
the “oscillating U-tube principle” to determine the density of the liquids. The standard 
error for the measurements was ± 0.001 g.cm-3.
The viscosities of the RTILs were measured using a rolling-ball viscometer (Anton 
Paar Lovis 2000ME) from 20 to 80 °C using 10 °C interval steps, a 10mm long 
capillary with a diameter of 2.5 mm and an tilting angle of 60 °. The capillary was 
sealed thus preventing changes of the samples viscosity during the measurement due 
to moisture adsorption. The standard error for the viscosity measurement was ± 10 
mPa.s.
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2.2.4 Ionic conductivity (Electrochemical Impedance Spectroscopy)
Ionic conductivity describes the mobility of ions which can respond to a change of 
polarisation of an alternating field. From the dependence of this response the 
conductivity can be determined. Ionic conductivity was measured by AC (Alternating 
Current) impedance spectroscopy using a SP-200 Impedance/Frequency Response 
Analyser (Figure 26) over a temperature range of -40 to 120 °C at 10 °C intervals for 
the frequency range of 0.1 Hz - 1 MHz applying a voltage amplitude of 0.1 V. A 
custom-built dip-cell containing two platinum wires sheathed in glass (Monash 
Scientific, Australia), sealed with a rubber O-ring was used to carry out the 
measurements, as shown in Figure 27. The cell was placed into a cavity of a brass 
block, which was connected via a thermocouple to a Eurotherm 2240E temperature 
controller. The temperature was ramped at a steady state of 0.5 °C / min until the 
desired isothermal temperature was reached (+/- 0.3 °C for 20 min). The cell constant 
was determined using a standard solution of 0.01 M KCl at 25 °C. The resistanceVȍ
were determined from the value of the real axis touchdown of the Nyquist plot, from 
which the conductivity (S.cm-1) was calculated. The results are presented on a 
logarithm scale and therefore the errors are contained within the points.
Figure 26 Digitals photo of the SP-200 Impedance/Frequency Response Analyser
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Figure 27 Digital images of the custom-built dip cell
2.2.5 Nuclear Magnetic Resonance (NMR) – Diffusion measurements
The self-diffusion properties of each ion including the lithium cation can be 
determined by diffusion NMR, considering each ion has different exclusive atoms. For 
example, in P111i4FSI, hydrogen and carbon atoms are only located in the P111i4+ cation 
while fluorine atoms are only present in the FSI anion, making the determination of 
diffusivity for each ionic species possible.
As the ionic conductivity is dependent on the temperature, when it does not follow the 
Arrhenius equation, the temperature dependence of conductivity can follow the Vogel-
Tamann-Fulcher (VTF) equation (also called modified Arrhenius equation) as follows:
ߪ(ܶ) = ܣܶିభమ݁ି
ಳ
೅బష೅ (4)
where A is proportional to the ion concentration, B is called the pseudo activation 
energy. T0 is usually related to a temperature close Tg.
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If the ion self-diffusion coefficient and bulk conductivity are combined, the 
contribution of each ion to the conductivity can be determined and the degree of ion 
dissociation in the RTIL can be estimated according to the Nernst–Einstein equation 
as follows:
߉ோ = ேಲ௘
మ(஽శା஽ష)
௞் =
ிమ(஽శା஽ష)
ோ் (5)
where Ȧ is the molar conductivity, NA is the Avogadro’s number, e is the electric 
charge on each ion, D+ is the self-diffusion coefficient of the cation, D- is the self-
diffusion coefficient of the anion, k is the Boltzmann’s constant, F is the Faraday’s 
constant, R is the universal gas constant and T is the absolute temperature. 
By calculating the ratio between the molar conductivity obtained by impedance 
spectroscopy (ȃM, bulk conductivity) and the one calculated with the Nernst-
Einstein equation (ȃNE), the degree of ion dissociation in the RTIL (ȃM/ȃNE) can 
be obtained. This is how Bayley et al.2 calculated the degree of ion dissociation for 
C3mpyrTFSI mixed with LiTFSI; Yoon et al.3 also used the same method for 
C3mpyrFSI mixed with LiFSI.
Pulse-field gradient stimulated echo (PFG-STE) diffusion measurements for 1H, 7Li 
and 19F were performed on a Bruker Avance III 500 MHz Ultrashield wide bore 
spectrometer equipped with a 5 mm pulse-field gradient probe, following the method 
described by Bayley et al. 4 The diffusivities of 1H and 19F nuclei were measured for 
the phosphonium cation and FSI anion respectively. 7Li spectra and diffusivities were 
also measured. Each sample was filled to a height of 50 mm in a 5 mm Schott E NMR 
tube in an Argon filled glove box and sealed with Teflon tape and a cap. Each sample 
was measured at room temperature (25 °C).
One main advantage of the diffusion measurements by NMR technique is that 
diffusion is chemically specific. Each diffusivity was measured at least twice and the 
error was relatively small in the range of 0.1 - 1 %.
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A little more about the PFGSTE technique5-7
NMR spectroscopy can provide detailed information on the structure and dynamics of 
a sample down to a molecular level. Specific nuclei can be targeted allowing local 
characterisation of specific regions of a molecule.
One particular aspect of the NMR technique is that it can follow the Brownian 
trajectories of spin bearing particles using strong magnetic field gradient pulses.8 Such 
an experiment is described as a pulse field gradient NMR (PFG-NMR) experiment and 
offers the possibility of measuring diffusion coefficients of specific nuclei in liquid 
systems. One of the best known PFG-NMR experiment is based on a stimulated spin 
echo (PFGSTE). In a PFGSTE experiment, the pulse sequence involves three Ȇ
radiofrequency (RF) pulses as illustrated in Figure 28. This sequence is specifically 
designed for viscous systems and quadrupolar nuclei (e.g. 7Li).5 By applying a second 
Ȇ5)pulse as soon as the first one has finished the magnetisation is flipped back 
into the longitudinal plane where slower relaxation processes occur and this allows 
greater signal intensity.
Figure 28 PFG-NMR diffusion experiment with stimulated spin echo (PGSTE) pulse 
sequence. Gradient pulses of length į are separated by the diffusion time ǻ.5
2.2.6 Cyclic voltammetry
Cyclic Voltammetry (CV) was used to investigate the electrochemical stability of the 
electrolytes and the stability of lithium metal in the electrolytes. During the potential 
sweep, the potentiostat measured the current resulting from electrochemical reactions 
(consecutive to the applied potential). The cyclic voltammogram is a current response 
as a function of the applied potential.
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Figure 29 Three–electrode setup (CE: counter electrode, WE: working electrode, RE: 
reference electrode)
Voltammetric experiments were performed using a BioLogic SP-200 potentiostat. All 
preparation and electrochemical measurements were performed in an Argon filled 
glove box. Cyclic voltammograms were obtained using a conventional three electrode 
arrangement (Figure 29). 
A 1.0 mm glassy carbon working electrode (GC, ALS, distributed by BAS Inc., Japan) 
was used to determine the electrochemical window of the ionic liquid and a 1.5 mm 
nickel working electrode (Ni, ALS, distributed by BAS Inc., Japan) was used to study 
lithium cycling in the electrolytes. A platinum wire (APS, 99.95%) was used as the 
counter electrode. The reference electrode consisted of a silver wire immersed in a 
solution of the ionic liquid containing 10 mM silver triflate (AgOTf, 99.9 % purity, 
Aldrich™), separated from the bulk electrolyte by a glass frit, as reported by Snook, 
et al9. It produced stable and reproducible measurements. The potentials were 
corrected versus ferrocene, which was cycled at the end of each set of measurements. 
The correction method is further detailed below.
3ULRU WRHDFKH[SHULPHQW WKHZRUNLQJHOHFWURGHZDVSROLVKHGZLWKȝPDOXPina 
(Buehler, Lake Bluff, IL) on a clean polishing cloth (Buehler), sequentially rinsed with 
distilled water, ethanol and then dried with lint-free tissue paper and finally dried in 
an oven at 70 °C (for one hour). For the reference electrode, the silver (Ag) wire was 
abraded with silicon carbide paper (P600 grit), then washed with ethanol and dried in 
the oven. The scan rate was 20 mV.s-1. Measurements were obtained at 25 ± 2 °C.
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Table 11 presents the working electrode (WE) specifications from BAS Inc, Japan.
Table 11 Working electrode specifications
Electrode Outer diameter OD (mm) Inner diameter ID (mm) Surface area (cm2)
GC 3.0 1.0 0.008
Ni 6.0 1.5 0.018
Pt 3.0 1.6 0.020
Coulombic efficiencies were a useful and practical method to investigate the stability 
of lithium deposition and dissolution processes. The efficiency is defined as the ratio 
of oxidation charge (due to lithium dissolution from the electrode) divided by the
reduction charge (due to lithium deposition onto the electrode). The standard error was 
~ 5 % based on multiple data sets. 
Correction method and reference electrode
The method used was similar to the method suggested by Snook, et al.9 All preparation 
and electrochemical measurements were performed in an Ar filled glove box. As 
received P111i4FSI was mixed with 10 mM of silver trifluoromethanesulfonate (AgOTf, 
Sigma Aldrich™) for 1 hour until complete dissolution of the salt and used as a 
solution in the reference electrode. Glass compartments with an ultra-fine glass frit salt 
bridge at one end were filled with these solutions to prepare a reference electrode as 
shown in Figure 29. A (cyclopentadienyl)iron(II) (ferrocene, Sigma Aldrich™) was 
dissolved into the IL and stirred until complete dissolution at 50 °C to measure the Fc 
| Fc+ standard potential in the IL media. 
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Figure 30 Cyclic voltammogram (CV) of Fc | Fc+ redox couple in P111i4FSI
Figure 30 shows a Fc | Fc+ redox couple cyclic voltammogram at room temperature. 
Since the Fc | Fc+ redox potential is affected by the nature of IL,10-11 the measured 
potential was adjusted by the reported value as per Torriero et al.10 The Ag | AgOTf 
redox potential Em (which is the average of the oxidation (Epox) and reduction (Epred)
peak potentials [Em = (Epox + Epred) / 2]) in 10 mM AgOTf:P111i4FSI is -0.34 V vs. Fc | 
Fc+. The corrected potential was calculated according to the following equations:
ܧ௖௢௥௥௘௖௧௘ௗ ݒݏ.ܣ݃ ห ܣܱ݂݃ܶ = ܧ୊ୡ | ி௖శ ݒݏ.ܣ݃หܣܱ݂݃ܶ െ  ܧ௠௘௔௦௨௥௘ௗ ݒݏ.ܨܿ | ܨܿା
ܧ௖௢௥௥௘௖௧௘ௗ ݒݏ.ܣܱ݂݃ܶ =  ܧ௠ (6)
ܧ୊ୡ | ୊ୡା ݒݏ.ܣ݃ | AgOTf = ܧ୊ୡ | ி௖శ ݒݏ. ܵܪܧ െ ܧ୅୥ |஺௚శ ݒݏ. ܵܪܧ
ܧ୊ୡ | ୊ୡା ݒݏ.ܣ݃ | AgOTf = 0.64െ 0.8 =  െ0.16 ܸ (7)
2.2.7 Chronoamperometry (CA)
Chronoamperometry (CA) was used to determine a critical parameter for a battery 
electrolyte, the lithium (Li) transference number. This parameter was determined for 
each electrolyte at ambient temperature. The experimental method was introduced by 
Bruce and Vincent.12 Further details about this parameter and experimental methods 
are provided in Chapter 6 of this thesis. As a summary, the chronoamperometry (CA) 
technique consists of the measurement of the current response to an applied potential 
step. A constant potential E0 is applied for a duration ǻt and the current is measured. 
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The current-time response reflects the change of the concentration gradient in the 
vicinity of the surface. In this project the coin cells were polarised at 20 mV for 4 hours 
(3 times) to confirm consistency of the data acquired.
2.3 Surface characterisation: spectroscopic techniques
The interactions between the RTIL and the Li electrode surface were characterised 
using different spectroscopic techniques including Electrochemical impedance 
spectroscopy (EIS), Scanning electron microscopy (SEM), Fourier transform infrared 
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and Magic angle 
spinning nuclear magnetic resonance spectroscopy (MAS NMR).
2.3.1 Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) was used to characterise in-situ the Li 
metal surface impedance after fabrication of the coin cells. The interfacial resistance 
evolution of the Li metal electrode inside a coin cell was monitored via EIS using a 
Multi Potentiostat VMP3 (Bio-Logic). The spectra were detected between 50 mHz and 
1 MHz with an amplitude of 0.1 V. They were analysed with the EC-Lab software (Z 
Fit v. 10.44) and the impedance was reported within 2% error. The obtained spectra 
were then fitted using an equivalent circuit proposed by Zugmann et al.13 (Figure 31). 
R1 corresponds to the Ohmic resistance of the electrolyte. The sum of R2 and R3 refers 
to the semicircle shown in the Nyquist plots, which was interpreted as the “Li electrode 
surface resistance” (Rsurface = R2 + R3) of both electrodes. The constant-phase elements 
Q2 and Q3 represent the capacitance.
Figure 31 Equivalent electric circuit for the interpretation of the electrochemical 
impedance spectra
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A little bit more about electrochemical impedance spectroscopy (EIS)
The principle of an EIS measurement is the following: a small (typically 1 to 100 mV) 
AC excitation amplitude is applied to perturb a system from its equilibrium (in the 
present case, a Li cell) and the response (current through the cell) is measured. The 
response to this potential is an AC current signal. 
The excitation signal has the following form:
ܧ௧ = ܧ଴sin (߱ݐ) (8)
where ܧ௧ is the potential at a time t, ܧ଴WKHDPSOLWXGHRIWKHVLJQDODQGȦWKHDQJXODU
frequency.
For a linear system, the response signal ܫ௧ is shifted by a phase ׎ and has a different 
amplitude ܫ଴:
ܫ௧ = ܫ଴sin (߱ݐ + ׎) (9)
According to Ohm’s law, the resistance of an element, defined as its ability to resist a 
flow of electrical current, is expressed as a ratio between a voltage E and a current I:
ܴ ؠ ாூ (10)
This relationship being limited to one circuit element (the ideal resistor), for more 
complex circuit elements a new parameter is introduced: the impedance, Z. A similar 
expression to the Ohm’s law allows us to calculate the impedance of the system as:
ܼ = ா೟ூ೟ = ܼ଴
ୱ୧୬ (ఠ௧)
ୱ୧୬ (ఠ௧ା׎)  ݓ݄݁ݎ݁ ܼ଴ =
ாబ
ூబ (11)
This relationship is valid only if a small amplitude is applied to ensure a linear 
relationship between the current and voltage.14
With Euler’s relationship, it is possible to express Z as a complex function:
ܼ(߱) = ாబୣ୶୮ (௝ఠ௧)ூబୣ୶୮ (௝ఠ௧ି׎) = ܼ଴(ܿ݋ݏ׎+ ݆ݏ݅݊׎) (12)
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The impedance is then composed of a real part (ܼ௥௘௔௟) and an imaginary part 
(ܼ௜௠௔௚௜௡௔௥௬):
ܼ(߱) = ܼ௥௘௔௟ െ ݆ܼ௜௠௔௚௜௡௔௥௬ (13)
where j is an imaginary number.
The EIS data are usually represented as a Nyquist plot (Figure 32), where the measured 
impedance is plotted as the real (ܼ௥௘௔௟) vs. the imaginary (ܼ௜௠௔௚௜௡௔௥௬) impedance. 
Each point represents the impedance at one frequency. A Bode plot can also be used 
to represent the data, where log |Z| and phase angle ׎, are plotted against the angular 
frequency ߱.
Figure 32 An example of Nyquist plot and equivalent electric circuit
Figure 32 shows an example of Nyquist plot for a Li | Li symmetrical cell over a 
frequency ranging from 50 mHz to 800 KHz. The plot can be used to measure phase 
angle of cell impedance which may be used to determine processes such as charge 
transfer and mass transfer processes, ionic conduction and interfacial charging.14
The EIS data are commonly analysed by fitting them to an equivalent electric circuit 
(EEC). A Nyquist plot can then be associated to an EEC. An equivalent circuit allows 
us to describe an electrochemical reaction that takes place at the electrode/electrolyte 
interface and to interpret the electrical data of a system composed of resistances and 
capacitances. J. E. B. Randles proposed an equivalent circuit for modelling 
electrochemical reactions at an electrode interface.15
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The equivalent circuit included a resistance related to the reaction happening at the 
electrode (also called polarisation resistance, R2) in parallel with a capacitance 
representing the double layer of the electrode surface (C2). These elements were in 
series with a resistance associated with the electrolyte resistance (R1), shown in Figure 
33.
Figure 33 Equivalent electric circuit of the simplified Randles cell 
In this project a number of EEC were applied to fit the EIS data of a typical Li | Li 
symmetrical cell. Table 12 presents the various circuits, starting from the simplest 
circuit and then adding more components. The EIS data were fitted using the EC – Lab 
software (ZFit v.10.44). Before fitting, in order to help the algorithm to find the best 
values, it was necessary to use initial values as close as possible to the real ones. A 
randomisation is added before the fitting to select the most suitable set of parameter 
YDOXHV7KHPRVWVXLWDEOHVHWRISDUDPHWHUYDOXHVDUHWKHYDOXHVWKDW\LHOGWKHORZHUȤ2
YDOXHȤ2 gives an estimation of the distance between the real data and the simulated 
GDWD7KHSDUDPHWHUȤ¥1LVDQRUPDOLVHGH[SUHVVLRQRIȤ2, where N is the number 
of points.
The impedance spectra (Nyquist and Bode spectra) of a Li | Li symmetrical cell before 
cycling with the highly concentrated P111i4FSI-based electrolyte were fitted using these 
circuits. Figure 34 shows the fitting results obtained for the circuits applied and Table 
13 gives an example of parameters obtained from the fitting results in the case of the 
circuit 2. 
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Table 12 Equivalent electric circuits and associated equations
Circuit Equivalent model Equivalent equation
1 ܴଵ +
ܥଶ
ܴଶ +
ܥଷ
ܴଷ
2 ܴଵ +
ܳଶ
ܴଶ +
ܳଷ
ܴଷ
3 ܴଵ +
ܳଶ
ܴଶ +
ܳଷ
ܴଷ + ସܹ
4 ܴଵ +
ܳଶ
ܴଶ +
ܥଷ
(ܴଷ + ସܹ)
Figure 34 Various fitting results (and fit parameters) for EIS data acquired from a Li | 
Li symmetrical cell cycled in the highly concentrated P111i4FSI-based electrolyte.
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Table 13 An example of fitting results using circuit 2 for EIS data acquired from a Li 
| Li symmetrical cell cycled in the highly concentrated P111i4FSI-based electrolyte
Element Freedom Value Unit Error Error %
R1 Free(+) 6.328 Ohm 1.055 10.55
R2 Free(+) 42.26 Ohm 1.039 10.39
Q2 = CPE2 Free(+) 0.00184 F.sa-1 1.321 13.21
a2 Free(+) 0.7202 0.5719 5.719
R3 Free(+) 56.52 Ohm 1.08 10.8
Q3 = CPE3 Free(+) 9.06E-06 F.sa-1 1.776 17.76
a3 Free(+) 0.8038 0.591 5.91
Chi-6TXDUHGȤ2: 0.018
Ȥ2 ¥1
Mode: Run Fitting / Freq. Range (0.1 - 200000)
Maximum Iterations: 100
Type of Fitting: Randomize + Simplex
Type of Weighting: Calc-Modulus
The circuit 1 represents the simplest RC model. It only consists of solution resistance 
and surface impedance, making it easy to give a physical meaning to each component. 
However, Figure 34 shows that this circuit does not fit the EIS data well. This confirms 
that the overall resistance of the cell consists of more than one type of resistance (e.g. 
diffusion, charge transfer resistance, non-ideal surface).16
The circuit 2 uses constant phase elements instead of ideal capacitors, this improved 
the fitting results. 
The circuit 3 adds a Warburg diffusion component to better fit the low frequency 
region, however in this case the fitting results were not improved.
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The circuit 4 was introduced by Lewandowski17 and Lane18. The main purpose of the 
use of this circuit was to determine the charge transfer resistance (R3) and SEI 
resistance (R2). However this model is valid only in the case of SEI formation 
characterised by a homogeneous formation and even distribution on the Li surface. In 
this project, specific models were chosen for each case but according to the fitting 
results the circuit 2 was chosen to fit most EIS data.
2.3.2 Scanning electron microscopy (SEM)
The first SEM images of Li metal surfaces were acquired with a Philips XL – 20
microscope and the surfaces were hermetically loaded into the microscope 
antechamber using an Ar filled glove bag (Sigma Aldrich), as shown in Figure 35,
until the JEOL JSM-IT300 microscope was commissioned in Burwood.
In order to investigate the surface of the Li electrodes after the cycling experiments,
cycled coin cells were dissembled to recover Li metal disks for further characterisation 
by SEM. Prior to analysis the electrodes were rinsed with dimethyl carbonate (DMC, 
99 % Sigma Aldrich) two times to remove residual IL electrolytes and then dried under 
vacuum in the chamber of the glove box for 30 min.19 SEM images of the Li electrodes 
for both surface and cross-sections were obtained with a JEOL JSM-IT300 at an 
accelerated voltage of 2 kV. Cross-sections of Li metal were prepared by vertically 
cutting the Li electrodes with a surgical blade. To avoid electrode contamination or 
side reactions of the Li electrodes with atmospheric moisture and oxygen, the samples 
were transferred from the glove box to the SEM in a sealed stainless steel vessel filled 
with Argon, as shown in Figure 37. The vessel was introduced into the SEM via a load-
lock chamber purposely designed for loading air-sensitive samples into the SEM 
chamber (Figure 37).
Chapter 2
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
83
Figure 35 Digital images of the antechamber of a Philips XL-20 SEM with an Ar 
filled glove bag setup and sample stage with a Li metal electrode
Figure 36 Digital image of a JEOL JSM-IT300 SEM
Figure 37 Digital images of the transport vessel (left) and the load-lock chamber 
from the JEOL JSM-IT300 SEM
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2.3.3 Attenuated total reflection – Fourier transform infrared spectroscopy (ATR-
FTIR)
Fourier transform infrared (FTIR) spectroscopy gives information on functional 
groups. This technique is mostly applied to organic compounds but can also be 
important for non-metallic inorganic compounds. Detailed analysis of an infra-red 
spectrum contains information on molecule structure and symmetry. Covalently bound 
atoms vibrate with certain frequencies (thermal motion). The energy of the vibration 
lies in the range of infra-red light (400 – 4000 cm-1). Certain functional group 
fragments vibrate with specific frequencies, thus absorbing infra-red light of that 
energy (vibrational excitation).
Infrared spectra were acquired on a Perkin Elmer IR 101820 series spectrometer using 
the Spectrum (v.10.4) software. The instrument is shown in Figure 38. Ex situ 
attenuated total reflectance (ATR) spectra were obtained using a diamond in mid-IR 
range (4000 - 450 cm-1). The rinsed and dried electrodes were hermetically sealed 
between two glass microscope slides inside the glove box prior to being transferred 
and loaded onto the sample stage with a minimal exposure to air. Firm pressure was 
applied to press Li disks against the diamond window of the sample stage. All spectra 
were recorded with a 4 cm-1 resolution and 16 scans.
Figure 38 Digital image of the Perkin Elmer IR 101820 series spectrometer
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2.3.4 Synchrotron X-ray photoelectron spectroscopy (SXR XPS)
X-ray absorption spectroscopy (XAS) is a powerful technique that allows 
identification of chemical species present on a surface. XAS measurements were 
conducted at the soft x-ray beamline (Australian Synchrotron) primarily for XAS of 
low atomic number elements (e.g. Li) and XPS. In this project the beamline was used 
for XPS measurements. Soft x-rays are generally understood to be x-rays in the energy 
range 100 – 3 000 eV to examine core electron levels. An electromagnetic spectrum is 
provided in Figure 39. Soft x-rays are well suited to characterising surfaces and near-
surface interfacial layers.
Figure 39 Wavelength region of the electromagnetic spectrum (retrieved from D. 
Attwood’s lecture notes, http://www.coe.berkeley.edu/AST/sxr2009 in April 2016)
Principle of XPS
The XPS technique is based on the photoelectric effect enunciated by Einstein20 in 
1905:
ܧ = ݄ߥ (14)
where h is the Planck constant (6.62 x 10-34 J.s), ߥ is the frequency of the radiation 
(Hz).
“ There is a threshold in frequency below which light, regardless of intensity, fails to 
eject electrons from a metallic surface.”
In photoelectron spectroscopy, the kinetic energy (KE) distribution of the emitted 
photoelectrons can be measured using an appropriate electron energy analyser and a 
photoelectron spectrum is recorded. 
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By using photoionisation and energy-dispersive analysis of the emitted photoelectrons, 
the composition and electronic state of the surface region of a sample can be 
investigated. The overall photoelectron process, as shown in Figure 40, can be 
summarised as follows, for an element of the periodic table A:
ܣ + ݄ߥ =  ܣା +  ݁ି (15)
(i) The principle of conservation of energy requires that: 
ܧ(ܣ) + ݄ߥ =  ܧ(ܣା) +  ܧ(݁ି) (16)
(ii) As the energy of the electron is only present as kinetic energy (KE), the 
previous equation can be rearranged to give the following expression of the 
KE of the photoelectron:
ܧ(݁ି) = ܭܧ(݁ି) =  ݄ߥ െ  [ ܧ(ܣା) െ ܧ(ܣ)] (17)
(iii) The last term in brackets represents the difference in energy between the 
ionised and neutral atoms, it is known as binding energy (BE). The final 
equation is:
ܭܧ =  ݄ߥ െ ܤܧ (18)
Figure 40 Ionisation process in an isolated atom (retrieved from D. Attwood’s lecture 
notes, http://www.coe.berkeley.edu/AST/sxr2009 in April 2016)
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Experimental details
For all XPS experiments, careful precautions were taken in order to avoid moisture/air 
exposure of samples during transfer. Samples were transferred to the spectrometer via 
a hermetic transfer vacuum suitcase (as shown in Figure 41) encapsulated in the 
glovebox and opened in the vacuum preparation chamber (at the Synchrotron facility). 
The binding energy scale was calibrated from the aliphatic hydrocarbon C 1s peak at 
285.0 eV. The samples were mounted on a XPS sample stud using conductive carbon 
adhesive tape and placed in the vacuum suitcase.
Soft X-ray photoelectron spectroscopic measurements were carried out at the 
Australian synchrotron facility (Figure 42 and Figure 43), where the usable photon 
energies range from 100 to 2500 eV.21 Photons were monochromatised by a Reixs 
plane grating monochromator based upon the SX700 monochromator design 
developed at the Berlin synchrotron BESSY (manufactured by FMB Berlin). The 
photoelectron kinetic energies (KE) were measured using a Phoibos 100 / 150 
analyser. Because of the low photon energies, measurements were conducted so that 
the same photoelectron K.E was used for all probe elements. Survey spectra were 
acquired at 20 eV pass energy and 0.5 energy step. High resolution region spectra were 
acquired at 10 eV pass energy and 0.05 energy step. For high resolution region spectra, 
the KE was selected at 100 eV above the BE corresponding to the same analysis depth 
for all spectra. No charge neutraliser was used during the measurements. The pressure 
in the analysis chamber was about 10í10 mbar.  Instrument operation was performed 
using the XPS software (SpecsLab) available at the Australian Synchrotron. 
XPS data were analysed using the CASAXPS software (v. 2.3.13). Relative sensitivity 
factors (RSF) were taken from the Kratos Library and used to determine relative 
atomic percentages from survey and high-resolution scans of the most intense 
photoelectron peak for each element. Peak areas were measured after performing a 
two-point Shirley background subtraction. A pseudo voigt Gaussian:Lorentzian 
algorithm (70:30 %) was used to fit the peaks to obtain quantitative results. The fit 
produces an estimated ± 10 % error in the atomic concentration determined for each 
peak.
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Figure 41 Digital images of the vacuum suitcase (sealed position on the left, open 
position on the right)
Figure 42 Digital image of the Soft X-ray photoelectron spectroscopy beamline at the 
Australian Synchrotron
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Figure 43 Digital images of the antechamber (left) and the analysis chamber (right) 
on the Soft X-ray photoelectron spectroscopy beamline at the Australian Synchrotron
2.3.5 Magic angle spinning NMR (MAS NMR)
Liquid state NMR spectra have high spectral resolution because Brownian motion of 
molecules in their liquid state removes chemical anisotropy while in their solid state 
there is no such motion which leads to broadening in peaks and spectral resolution 
becomes poor. MAS (magic angle spinning) in solid state NMR removes an extent of 
chemical anisotropy which enhances spectral resolution.22-23
MAS NMR is a technique for obtaining high resolution NMR data from solids. For a 
thorough introduction to this technique the reader is referred to the existing 
literature.23-25 The experiment consists of rotating the sample rapidly around an axis 
which itself is oriented at the magic angle with respect to the applied magnetic field 
B0, as illustrated in Figure 44. This sets the time averaged orientation of all the NMR 
interactions to the magic angle too. So while the interactions are still present at any 
one instant, over one complete rotation of the sample their net effect is averaged to 
zero: the interactions are refocused by the sample rotation, just like the chemical shift 
evolution is refocused by a spin echo pulse sequence (liquid NMR).
Chapter 2
Investigation of phosphonium bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium
batteries
90
Figure 44 Schematic representation of the MAS technique. The spinning axis of the 
sample is at an angle of 54.74 (magic angle) with respect to the static magnetic field 
B0 (retrieved from Dr. Luke O’Dell notes, NMR Spectroscopy Lecture 9)23
All MAS-NMR experiments were carried out at the CNRS-IMN institute (Nantes, 
France). Li metal electrodes used for the 7Li, 31P and 19F MAS NMR were removed 
from the coin cell inside the glove box. The deposit on the Li electrode was scraped 
off the Li substrate with a stainless steel spatula. A 50:50 (wt %) mixture of deposit: 
alumina powder (Al2O3 AC300) was prepared for the NMR analysis and placed in a 
cylindrical 2.5 mm diameter zirconia rotor without being washed. 7Li, 31P and 19F MAS 
NMR experiments were carried out on a Bruker avance-500 spectrometer (B0 = 11.8T, 
/DUPRUIUHTXHQFLHVȞ0(7/L 0+]Ȟ0(313 0+]Ȟ0(19F) = 470 MHz). MAS 
spectra were obtained by using a Bruker MAS probe. Spinning frequencies up to 25 
kHz were used. 7Li and 31P NMR spectra were acquired with a single pulse sequence 
and a recycle time of 30s. 19F NMR spectra were acquired using a Hahn echo sequence 
to discard the significant contribution from the probe signal and a recycle time of 30s.26
All the spectra were normalised taking into account the number of scans, the receiver 
gain and the mass of the sample. Integrated intensities were determined by using 
spectral simulation.
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3.1 Introduction
This first research chapter describes the physicochemical and electrochemical 
properties of ionic liquid (IL) electrolytes based on the IL 
trimethyl(isobutyl)phosphonium bis(fluorosulfonyl)imide (P111i4FSI) and a range of 
lithium (Li) salt concentrations. This IL exhibits a higher conductivity and lower 
viscosity than other phosphonium and ammonium bis(fluorosulfonyl)imide 
compounds; it is shown that the IL electrolyte containing the highest amount of Li salt 
exhibits a high Li+ diffusivity and outstanding electrochemical properties at this range 
of viscosity and conductivity. Only recently in 2013 a highly concentrated IL 
electrolyte based on the N-propyl-N-methylpyrrolidinium cation and the same anion 
used in this project (FSI) has been regarded as potential electrolytes for lithium 
batteries. There are no reports on the use of a highly concentrated IL electrolyte based 
on a phosphonium cation at a similar Li salt content.
Traditionally a relatively low Li salt concentration dissolved into an IL has been used 
as an optimal electrolyte composition for lithium cycle ability: commonly used ILs are 
more viscous and less conductive than the traditional organic carbonate electrolytes. 
Commercially available Li batteries typically use electrolytes made of a Li salt 
dissolved into organic carbonate solvents at a concentration ranging from 0.5 to 1.2 
M. These typical concentrations give the optimum cell performance, related to optimal 
transport properties (conductivity and viscosity). However in an IL electrolyte, the 
determination of the optimal Li salt concentration still remains unclear and this 
concentration and the Li+ transport mechanism are significantly critical to the overall 
cell performance. A number of publications have reported on the properties of 
phosphonium ILs typically using the same range of Li salt concentration.1-6
In this chapter, a first section briefly describes the reasons for the selection of the IL 
trimethyl(isobutyl)phosphonium bis(fluorosulfonyl)imide (P111i4FSI). The second 
section consists of one publication investigating the effect of Li salt concentration in 
the P111i4FSI ionic liquid on the thermal behaviour, transport properties, ionicity and 
lithium electrochemistry of the electrolytes using different physical measurements and 
spectroscopic techniques. The electrochemical performance dependence on the Li salt 
concentration is also investigated to determine the optimal salt concentration and its 
relationship to future cell performance. 
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The aim is to better understand the influence of the Li salt concentration on the Li+ ion 
transport mechanism in the IL electrolyte. The final section further characterises the 
electrolyte solutions as a function of Li salt concentration by FTIR analysis.
3.2 Results
Selection of a promising ionic liquid
The chemical structures of four phosphonium ILs sourced from Cytec Solvay Group 
are shown in Figure 45.
Table 14 presents a summary of the physical properties determined for these ILs.
Figure 45 Chemical structures of four phosphonium ionic liquids: (a) trimethyl 
isobutyl phosphonium bis(flurosulfonyl)imide (P111i4FSI); (b) a mixture of the FSI-
anion and 4 phosphonium cations (PmixFSI); (c) triethyl cyanopropyl phosphonium 
bis(trifluoromethanesulfonyl)imide (P222(CH2)3CNTFSI) and (d) 3,7-dimethyloctane, 
ethyl, hexyl phosphonium bis(trifluoromethanesulfonyl)imide (Pcytop17026TFSI) 
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Table 14 Summary of physical properties of neat phosphonium ionic liquidsa
Electrolyte Tg / °C
(± 0.2)
Tc / °C
(± 0.2)
Tm / °C
(± 0.2)
ıP6FP-1
(± 0.1)
d / g.cm-3 ȘP3DV
(± 10)
P111i4FSI - -17.3 12.3 6.4 1.303 42
PmixFSI -49.6 4.2 1.289 49
P222(CH2)3CNTFSIb -71.9 - - 0.46 1.392 275
Pcytop17026TFSIb -48.7 - - 0.082 1.327 875
aTg: glass transition. Tc: crystallisation point. TmPHOWLQJSRLQWıFRQGXFWLYLW\DW
&GGHQVLW\DW&ȘG\QDPLFYLVFRVLW\DW&
bElectrochim Acta 2016, 202, 100-109
Figure 46 presents the temperature dependence of the dynamic viscosity and ionic 
conductivity of four neat ionic liquids. An important point to note from Figure 46 (b) 
is the higher conductivity of the FSI-based systems compared to the TFSI-based 
systems. Two candidate systems were selected for detailed characterisation due to their 
attractive transport and electrochemical properties (low viscosity/high ionic 
conductivity and good electrochemical stability). Particular interest in the low 
temperature conductivity of PmixFSI (below 0°C) is noted (Figure 46 (b)), suggesting 
that this IL mixture has a much lower melting point than that of P111i4FSI (later 
confirmed using DSC analysis), an important feature for application in practical 
devices.
Of these two ionic liquids, the IL P111i4FSI with low dynamic viscosity and high 
conductivity was selected for further investigation. The IL PmixFSI also presented very 
attractive transport properties, however for intellectual property reasons the work in 
this thesis focuses on the use of the IL P111i4FSI. The maximum solubility of LiFSI in 
this IL at room temperature was 4.0 mol.kg-1 of LiFSI in PmixFSI. The electrochemical 
and physicochemical properties of PmixFSI – LiFSI mixtures (up to 3.3 mol.kg-1)
followed the same trend as those based on the IL P111i4FSI. They are presented in the 
appendix section at the end of this chapter.
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Figure 46 (a) Dynamic viscosity of 4 phosphonium-based ionic liquids over a 
temperature range from 30 to 80 °C; (b) Ionic conductivity of 4 phosphonium-based 
ionic liquids over a temperature range from -20 to 120 °C.
Electrochemical and physicochemical properties of small phosphonium cation 
ionic liquid electrolytes with high lithium salt content
This section consists of a publication (including supplementary information) published 
by the Royal Society of Chemistry (RSC) in the Physical Chemistry Chemical Physics
(PCCP) journal. The publication is available online at www.rsc.org/pccp. The reader 
is invited to go to the next page.
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Electrochemical and physicochemical properties
of small phosphonium cation ionic liquid
electrolytes with high lithium salt content†
G. M. A. Girard,a M. Hilder,a H. Zhu,a D. Nucciarone,b K. Whitbread,b S. Zavorine,b
M. Moser,b M. Forsyth,a D. R. MacFarlanec and P. C. Howlett*a
Electrolytes of a room temperature ionic liquid (RTIL), trimethyl(isobutyl)phosphonium (P111i4) bis-
(fluorosulfonyl)imide (FSI) with a wide range of lithium bis(fluorosulfonyl)imide (LiFSI) salt concentrations
(up to 3.8 mol kg1 of salt in the RTIL) were characterised using a combination of techniques including
viscosity, conductivity, diﬀerential scanning calorimetry (DSC), electrochemical impedance spectroscopy
(EIS), nuclear magnetic resonance (NMR) and cyclic voltammetry (CV). We show that the FSI-based
electrolyte containing a high salt concentration (e.g. 1 : 1 salt to IL molar ratio, equivalent to 3.2 mol kg1
of LiFSI) displays unusual transport behavior with respect to lithium ion mobility and promising
electrochemical behavior, despite an increase in viscosity. These electrolytes could compete with the
more traditionally studied nitrogen-based ionic liquids (ILs) in lithium battery applications.
Introduction
Sustainability of energy supplies has become one of the main
challenges of our society. Due to the necessity of moving away
from fossil fuels and the growing importance of renewable
energies, worldwide developments have identified ionic liquids1,2
(ILs) as a new potential class of electrolyte materials, able to
support a number of sustainable energy related applications,
including rechargeable lithium batteries.1–5 Ionic liquid (IL) is
the accepted term for low-melting salts, typically melting below
100 1C and ideally below room temperature, resulting from weak
electrostatic interactions of the mainly organic ions (in contrast
to high melting inorganic salts with strong electrostatic inter-
actions).6 If molten at room temperature, they are typically
referred to as room temperature ionic liquids (RTILs). RTILs1
are attractive for a wide range of applications including electro-
chemical devices. An important example of an energy storage
alternative is lithium batteries. State of the art electrolytes pose
serious safety concerns as they are typically made of the volatile,
flammable, and toxic solvents and lithium hexafluorophosphate
(LiPF6). Hydrogen fluoride (HF) which is easily generated
from LiPF6 has also detrimental effect on battery performance.
For these reasons, there are ongoing efforts to find alternative
solvents and salts.
Ionic liquids not only support the chemistry of lithium
batteries, but ideally also have the potential to improve their
performance, especially with respect to cycle life.1,7–10 Certain
ionic liquids also offer a unique suite of properties such as
non-flammability, non-volatility, green solvent alternatives,
high electrochemical and thermal stability which translates
into enhanced safety.
While ILs containing nitrogen-based cations have under-
gone extensive investigation,1,2,5,7,11–14 only recently there has
been interest in phosphonium ionic liquids in this context.15,16
A number of these alternative ILs are available on a large scale17
and show remarkable properties which are essential for elec-
trolyte applications such as superior electrochemical stability,18
thermal stability,18 ionic conductivity18,19 and low vapor pressure.20
Recent studies have shown that many properties of phosphonium
bis(fluorosulfonyl)imide (FSI) based ILs are superior to the analo-
gous ammonium derivatives, including improved transport proper-
ties even at sub-ambient temperature.15,19
Lowering the viscosity of RTILs is one of the major require-
ments for electrolyte applications. Due to the large cations
used, the traditional phosphonium RTILs tended to have high
viscosities, so eﬀorts to lower viscosity continue to be under-
taken. Only recently the properties of more promising ILs have
been reported by Tsunashima et al.15 They designed smaller
cations such as trimethyl(propyl)phosphonium bis(fluorosulfonyl)-
imide (P1113FSI) (melting point: 0 1C) and trimethyl(methoxy-
methyl)phosphonium bis(fluorosulfonyl)imide (P111(1O1)FSI),
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but did not report the eﬀect of lithium concentration on the
ion transport mechanism in the electrolytes. The redox process
at the anode is believed to dominate the overall performance of
lithium batteries.21 Therefore it is necessary to study the migration
of Li+ ions in the electrolyte and better understand the mechanism
of lithium transport in a phosphonium IL electrolyte.
In this present study, we investigate a further, novel member
of this family of phosphonium ionic liquids, trimethyl-
(isobutyl)phosphonium bis(fluorosulfonyl)imide (P111i4FSI),
prepared via a halide-free synthesis route (see ESI†). This has
been mixed with various amounts of lithium bis(fluorosulfonyl)-
imide (LiFSI) as a potential electrolyte for lithium secondary
batteries. The LiFSI has high solubility in this IL and mixtures
containing 1 : 1 mol ratio of cations are easily obtained. The
properties of the formulated electrolytes (including density,
viscosity, thermal behavior, ionic conductivity and electrochemical
stability) are presented.
Experimental
Materials and electrolyte preparation
The ionic liquid trimethyl(isobutyl)phosphonium bis(fluoro-
sulfonyl)imide (P111i4FSI, Fig. 1) was provided by Cytec Canada
Inc. with 499.5% purity. The structure and purity were con-
firmed by 1H, 13C, 19F and 31P NMR. LiFSI (Solvionic, France)
was used without further purification.
Initially, the binary IL electrolyte mixtures with LiFSI were
prepared by adding and dissolving the appropriate amounts
(0.5–3.8 mol kg1) followed by drying under vacuum for
48 hours at 80 1C in the presence of sodium hydride (NaH)
until the water content was below 50 ppm (determined by Karl
Fischer titration analysis).
The maximum concentration of LiFSI in this IL was deter-
mined by sequential additions of the salt, with stirring at 80 1C
for 48 h, until undissolved salt could be observed visually.
The saturated solution corresponds to the solution in which
the additional lithium salt could not be dissolved at room
temperature (25 1C). Table 1 lists the concentrations of each
electrolyte and the molar ratio of each ion in solution. The
highest Li salt concentration achieved resulting in a saturated
solution at 25 1C, is 3.8 mol kg1 (55 mol% of Li salt in the IL).
Water content
The water content of the electrolytes and neat IL was measured
using a Model 831 Karl Fisher Coulometer (Metrohm) using
Hydranals Coulomat AG as the titrant.
Diﬀerential Scanning Calorimetry (DSC)
The phase behavior (glass transition temperatures, melting
temperatures, transition entropies and transition enthalpies)
of the neat ILs and then the binary IL electrolyte solutions was
analysed by using a diﬀerential scanning calorimeter (Mettler
Toledo DSC1 instrument) with a cooling rate of 5 1C min1 and
a heating rate of 10 1C min1. Cyclohexane analytic standard
(Sigma Aldrich) was used to calibrate the instrument.
The temperature for each system was determined from the
onset on the heating scan while the enthalpy was derived
from integration of the peak area. Entropies were calculated
by dividing the enthalpy by the onset temperature. For the glass
transitions the midpoint was used as the glass transition
temperature.
Density
The density measurement was carried out using a density/
specific gravity meter (Anton Paar DMA5000) from 20 to 80 1C
using 10 1C interval steps. This density meter uses the ‘‘oscillating
U-tube principle’’ to determine the density of the liquid.
Dynamic viscosity
The viscosities of the RTILs were measured using a rolling-ball
viscometer (Anton Paar Lovis 2000ME) from 20 to 80 1C using
10 1C interval steps, a 10 mm long capillary with a diameter of
2.5 mm and a tilting angle of 601.
Ionic conductivity
Ionic conductivity was measured by AC (Alternating Current)
impedance spectroscopy using a BioLogic SP-200 Impedance/
Frequency Response Analyser over a temperature range of
40 to 120 1C at 10 1C intervals for the frequency range between
0.1 Hz and 1 MHz applying a voltage amplitude of 0.1 V.
A custom-built dip-cell containing two platinum wires sheathed
in glass (Monash Scientific, Australia), sealed with a rubber
O-ring was used to carry out the measurements. The cell
was placed into a cavity of a brass block, which was connected
via a thermocouple to a Eurotherm 2240E temperature
controller. The temperature was ramped at a steady state of
0.5 1C min1 until the desired isothermal temperature was
reached (0.3 1C for 20 min). The cell constant was determined
using a standard solution of 0.01 M KCl at 25 1C. The resistance
(O) was determined from the value of the real axis touchdown
of the Nyquist plot, from which the conductivity (S cm1) was
calculated.Fig. 1 Chemical structure of P111i4FSI.
Table 1 Composition of electrolytes investigated (P111i4FSI)
LiFSI concentration
(mol kg1)
Mole ratio of each ion
Li+ P+ FSI
0 (neat IL) 0.00 0.50 0.50
0.5 0.07 0.43 0.50
1.0 0.12 0.38 0.50
2.0 0.19 0.31 0.50
3.2 0.25 0.25 0.50
3.8 0.27 0.23 0.50
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Nuclear magnetic resonance (NMR) spectroscopy
Pulse-field gradient stimulated echo (PFG-STE) diﬀusion mea-
surements for 1H, 7Li and 19F were performed on a Bruker
Avance III 500 MHz Ultrashield wide bore spectrometer
equipped with a 5 mm pulse-field gradient probe, following
the method described by Bayley et al.22 The diﬀusivities of 1H
and 19F nuclei were measured for the phosphonium cation and
FSI anion respectively. 7Li spectra and diﬀusivities were also
measured. Each sample was filled to a height of 50 mm in a
5 mm Schott E NMR tube in an Argon filled glove box and
sealed with Teflon tape and a cap. Each sample was measured
at room temperature (22 1C).
Cyclic voltammetry (CV)
Voltammetric experiments were performed using a BioLogic
SP-200 potentiostat. Cyclic voltammograms were obtained
using a conventional three electrode arrangement. A 1.0 mm
glassy carbon working electrode (GC, ALS, distributed by BAS
Inc., Japan) was used to determine the electrochemical window
of the ionic liquid and a 1.5 mm nickel working electrode
(Ni, ALS, distributed by BAS Inc., Japan) was used to study
lithium cycling in the electrolytes. A platinum wire (APS,
99.95%) was used as the counter electrode. The reference
electrode consisted of a silver wire immersed in a solution of
the ionic liquid containing 10 mM silver triflate (AgOTf,
99.95+% purity, Aldrich), separated from the bulk electrolyte
by a glass frit, as reported by Snook et al.23 It produced stable
and reproducible measurements. The potentials were corrected
versus ferrocene, which was cycled at the end of each set of
measurements.
Prior to each experiment, the working electrode was
polished with 0.3 mm alumina (Buehler, Lake Bluﬀ, IL) on a
clean polishing cloth (Buehler), sequentially rinsed with dis-
tilled water, ethanol and then dried with lint-free tissue paper
and finally dried in an oven at 70 1C (for one hour). For the
reference electrode, the silver (Ag) wire was abraded with
silicon carbide paper (P600 grit), then washed with ethanol
and dried in the oven. The scan rate was 20mV s1. Measurements
were obtained at 25  2 1C.
Results and discussion
Table 2 summarizes the physicochemical properties of P111i4FSI–
LiFSI based electrolytes as discussed further below.
Thermal behavior
Diﬀerential Scanning Calorimetry (DSC) was used to determine
the phase transition behavior of the systems. Since the perfor-
mance of an ionic liquid strongly depends on the matter of
state (e.g. transport properties are in general better in the liquid
state) low transition temperatures are desirable.
An endothermic transition in neat P111i4FSI is detected at
12.3  0.2 1C. With addition of 0.5 mol kg1 of LiFSI, the
freezing of the IL is suppressed and the solution behaves as a
supercooled liquid upon cooling.24 An extremely low glass
transition (Tg) was detected (96  1 1C) followed by an
exothermic crystallization peak and a melting point (Tm). The
melting point decreases, as does the enthalpy of the melting
transition when compared to the neat IL. The exothermic
crystallization peak (Tc) also shifts to lower temperature with
increasing lithium salt concentration. The same behavior is
observed for the solution of 1.0 mol kg1 LiFSI, but the glass
transition is slightly higher and the crystallization and melting
transitions are much less pronounced. When the lithium salt
concentration is increased to 2.0 mol kg1, the crystallization
and melting peaks completely disappear and the electrolytes
behave as pure glass-forming liquids with low glass transition
temperatures, even though the glass transition increases with
increased lithium salt content. This suggests that interactions
between the lithium ions and the ionic liquid (most likely with
the FSI anion) have disrupted the crystallization and the system
becomes less mobile due to the increase in Tg. Thus for
electrolyte applications, the solutions with a salt concentration
Table 2 Physicochemical properties of P111i4FSI–LiFSI mixtures at 25 1C
a
[LiFSI]/mol kg1 Tg/1C (0.2) Tc/1C (0.2) Tm/1C (0.2) d/g cm3 (0.001) Z/mPa s (10) s/mS cm1 (0.1)
0 — 17.3 12.3 1.300 41 7.3
0.5 96.1 51.8 5 1.345 55 4.4
1.0 92.2 34.9 18 1.382 79 3.3
2.0 81.7 — — 1.446 163 1.9
3.2 72.9 — — 1.508 323 0.9
3.8 70.7 — — 1.531 571 0.8
a Tg: glass transition (1C). Tc: crystallization point (1C). Tm: melting point (1C). d: density at 25 1C. Z: dynamic viscosity at 25 1C. s: ionic conductivity
at 25 1C.
Fig. 2 DSC traces for neat P111i4FSI with LiFSI ionic liquids as a function of
LiFSI concentration at a scan rate of 10 1C min1.
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above 2.0 mol kg1 of LiFSI in P111i4FSI characterised by a low
glass transition could potentially be used over a wider tempera-
ture range than those with lower concentration (0.5 and
1.0 mol kg1 of LiFSI in P111i4FSI) (Fig. 2).
Transport properties of electrolytes: dynamic viscosity, ionic
conductivity and ion diﬀusion
Fig. 3 shows the temperature dependence of ionic conductivity
and dynamic viscosity. As expected, as the temperature
increases the ionic conductivity increases and the viscosity
decreases. The ionic conductivity values of the neat P111i4FSI are
6.4  0.1 mS cm1, 7.3  0.1 mS cm1, and 8.5  0.1 mS cm1
at 20, 25 and 30 1C respectively, which is higher than, or close to,
the values recently reported for other phosphonium FSI-based
ILs,15,19,25,26 but slightly lower than the conductivity of the
traditional carbonate electrolytes, such as the standard LiPF6-
EC-EMC previously reported.19 The remarkable point here is that
the conductivity of P111i4FSI at 25 1C (7.3 mS cm
1) is similar to
that of P1113FSI (7.1 mS cm
1) recently reported by Tsunashima
et al.15 even though P111i4FSI appears to be more viscous
(respectively 41 mPa s for P111i4FSI and 31 mPa s for P1113FSI).
This may suggest a higher ionicity for P111i4FSI.
A high lithium ion mobility is important for device perfor-
mance. The most commonly used equation to correlate the
conductivity (1) and viscosity (2) with temperature is the Arrhe-
nius law, however for many glass forming materials the Vogel–
Tammann–Fulcher (VTF) equation is more appropriate:27
s ¼ s0 exp B
T  T0
 
(1)
Z ¼ Z0 exp
B
T  T0
 
(2)
The parameters s0 and Z0 are assumed to have a weak tempera-
ture dependence. The B parameter is related to the activation
energy (generally called the pseudo-activation energy). The T0
parameter is related to the ideal glass transition (often Tg T0E
30 K for polymers).27 The parameters obtained by fitting the data
to the VTF equation are given in the ESI.† The fits for low
concentrations (o2 mol kg1 LiFSI in the IL) were unreliable due
to the narrow temperature range available. In general, the fits are
more reliable over a wide temperature range close to Tg. There-
fore the fitting results are more reliable for the ionic conductivity
(data fitted from 40 to 120 1C) than the viscosity (data fitted
from 20 to 80 1C). The pseudo activation energy (parameter B) is
related to the energy needed for ion motion in the ionic liquid
and seems to increase with increasing Li salt content. This
implies that more energy is required for a diffusive motion that
leads to conductivity in the highly concentrated electrolytes. T0 is
correlated to Tg, as expected.
Several studies have reported that the conductivity of
lithium-based ionic liquid electrolytes decreases with increasing
lithium salt concentration and that this is related to the possible
formation of ion-aggregates.14,28 The concentration dependence
of both ionic conductivity and dynamic viscosity are shown in
Fig. 4; the higher the salt concentration, the higher the viscosity
and these observations are also consistent with the VTF para-
meters determined for the selected electrolytes. The conductivity
increases with increasing temperature, but decreases continuously
Fig. 3 Dependence of ionic conductivity (a) and dynamic viscosity (b) on
temperature for neat P111i4FSI and solutions of LiFSI in P111i4FSI. (Error bars
were smaller than the data point markers).
Fig. 4 Dependence of ionic conductivity on LiFSI concentration in
P111i4FSI at 20, 50 and 80 1C. (Error bars were smaller than the data point
markers).
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with increasing salt concentration. One particular eﬀect to notice
here is that, above 3 mol kg1 of LiFSI, the rate of conductivity
decrease with increasing concentration appears to be tending
towards a plateau.
Diﬀusion NMR
To understand the environment surrounding Li+ and its eﬀects
on ionic mobility and conductivity, NMR spectra and PFG-STE
NMR diﬀusion coeﬃcients for 7Li, 1H, and 19F were measured.
The diﬀusivities of each ion in both the neat IL and the LiFSI
solutions are presented in Fig. 5.
The diﬀusivity of all ions decreases as the Li+ concentration in
the IL electrolyte increases, consistent with a decrease in fluidity,
however, the Li+ ion mobility exhibits unusual behavior. At Li
concentrations above 2 mol kg1, the 7Li diﬀusivity exceeds the
1H diﬀusivity, suggesting that Li+ ions become more mobile
than the phosphonium cation. This implies a higher transport
number of Li+ above 2 mol kg1, suggesting promising properties
of the concentrated electrolytes for battery applications.
The Li+ ions, being much smaller than the phosphonium
cation, could be expected to be much more mobile, however, in
many electrolyte systems they display a significantly lower
diﬀusion coeﬃcient which is attributed to strong ion association
with the anions in the IL.29
For the highly concentrated solutions the Li mobility decreases
at a slower rate than either the anion or cation. Thus the Li+ ion
transport seems to become more decoupled from the ionic liquid
matrix dynamics at higher salt concentrations, suggesting that a
fraction of the Li ions are less hindered by ion-association. This is
explored further in the following sections.
Walden and ionicity analysis
A Walden plot based on the Walden Rule, as described by
Angell and co-workers30 is an eﬀective qualitative method to
characterize the ion interactions in an IL.
The Walden Rule (3) is:
LZa = C (3)
where L is the molar conductivity, Z is the viscosity, a is
an adjustable parameter and C is a temperature dependent
constant.16,31 Dilute aqueous solutions of KCl are often used as
a point of reference. They represent a close to ideal solution in
which the ions are of similar size and thought to be well
dissociated from one another and any ion interactions can be
neglected. In contrast to dilute KCl solution, ILs are character-
ized by many ion–ion interactions that impede independent
conductive motions. In particular ion associations that produce
neutral species (e.g. ion-pairs) do not contribute to the con-
ductivity. Thus deviations from the Walden rule are taken as a
measure of these interactions.
A Walden plot (logLM vs. log 1/Z) of each concentrated
electrolyte based on P111i4FSI is shown in Fig. 6. A dashed line
on Fig. 6 drawn one log unit below the KCl(aq) line indicates the
situation where the liquid is exhibiting only 10% of the molar
conductivity that it should possess according to the Walden
Rule for a given viscosity. The data sets as a function of
temperature lie fairly close together, thus, there is little sign
of strong ion-association and the addition of lithium does not
seem to have a large eﬀect on the degree of ion association.
Even the 1 : 1 Li/P111i4FSI mixture indicates good ion dissocia-
tion; thus one hypothesis for the structure of this electrolyte
that envisages the substantial formation of the Li(FSI)2
 anion
(which creates one charge carrier from three ions) does not
seem to be supported by this data.
With a similar purpose to a Walden plot, as described
previously,31 Fig. 7 shows the ionicity plot of the P111i4FSI data
at 22 1C with various lithium salt concentrations; the data set is
limited to a single temperature as the diﬀusivity data is only
available at that temperature.
The ‘ionicity’ is defined as the ratio of the measured con-
ductivity by impedance spectroscopy LM, and the conductivity
from diﬀusion NMR measurements calculated from the
Nernst–Einstein (NE) eqn (4), LNE:
LNE ¼ NAe
2
kBT
Dþ þDð Þ (4)
Here, NA is Avogadros number, e the electronic charge, kB the
Boltzmann constant and D+ and D are the diffusion coefficients
Fig. 5 Diﬀusivities of Li+, P111i4
+ and FSI ions measured using PFG-STE
NMR as a function of salt concentration at 22 1C. (Error bars are contained
within the data point markers).
Fig. 6 Walden plot showing relationships between inverse viscosity and
molar conductivity for P111i4FSI with diﬀerent LiFSI concentrations.
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of the cation and anion, respectively. The self-diffusion coefficients
required were obtained from PFG-STE NMR measurements. From
the Nernst–Einstein equation, the molar conductivity can be
calculated if the individual diffusion coefficients are known. The
ionicity formulated in this also describes the degree of ion dis-
sociation in the ionic liquid since the value obtained by impedance
spectroscopy, LM, only contains contributions from mobile,
charged species in the solution, while the conductivity calculated
from the Nernst–Einstein equation includes contributions from all
species.31 The data in Fig. 7 show a similar trend to the Walden
Plot. The calculated ionicity values for each solution at room
temperature are presented in Table 3. Overall the ionicity decreases
with increased salt concentration and this is consistent with the
previous interpretation of the diffusivity data. The ionicity of the
neat IL is the highest and all solutions of lithium salt in the IL show
lower ionicity. Interestingly the solutions of lithium salt in the IL
have ionicity only 40% lower than the neat IL even at the highest
concentrations; by comparison analogous ammonium ILs (with the
TFSI anion) already show a range of decrease of 27 and 24% at
concentrations less than 1.0 mol kg1.32,33 Hence this FSI system
allows more than four times higher lithium content but with a
similar degree of ion association.
Electrochemical measurements in LiFSI containing ILs
Fig. 8 illustrates a typical linear sweep voltammogram mea-
sured in neat P111i4FSI. It was found that the electrochemical
window of P111i4FSI, in which no decomposition currents were
observed, lies between 3.5 and 2.5 V vs. Ag/AgOTf using a
glassy carbon working electrode. The small reduction processes
starting at 1 V might be related to reduction of the anion
contributing to the ionic liquid film formation.34
The electrochemical stability of P111i4FSI as a function of
temperature is presented in the ESI.† When increasing the
temperature from 25 to 100 1C, the electrochemical window
becomes narrower as the redox processes within the system are
facilitated and therefore occur at slightly lower potentials.
Cyclic voltammograms of selected concentrations of LiFSI
dissolved in P111i4FSI (0.5, 3.2 and 3.8 mol kg
1) at room
temperature using a Ni working electrode are presented in Fig. 9.
These indicate a quasi-reversible Li deposition–dissolution process.
A small shift of the onset potential towards less negative
values is observed with increasing lithium ion concentration
as expected from the Nernst equation. The oxidation current
densities for the reversible peak decrease significantly with
increasing lithium salt concentration as expected from the
transport property trends. On the other hand, very significant
current densities are reached (Fig. 10) with increasing tem-
perature, with the high concentration 3.8 mol kg1 electrolyte
exhibiting the highest current density (up to 40 mA cm2
at 100 1C) and the highest deposition–dissolution charge
efficiency.
Fig. 7 Ionicity plot of P111i4FSI and various LiFSI concentrations at 22 1C.
Table 3 ‘Ionicity’ of electrolytes as function of lithium salt concentration
indicating the degree of ion dissociation at 22 1C (5%)
[LiFSI] (mol kg1) LM/LNE
0 0.71
0.5 0.59
1.0 0.63
2.0 0.56
3.2 0.51
3.8 0.43
Fig. 8 Linear sweep voltammograms for neat P111i4FSI at a glassy carbon
working electrode with a potential sweep rate of 20 mV s1 at 25 1C.
Fig. 9 Linear sweep voltammograms (1st cycle) for neat P111i4FSI and
solutions of 0.5, 3.2 and 3.8 mol kg1 LiFSI in P111i4FSI at a Ni working
electrode with a potential sweep rate of 20 mV s1 at 25 1C.
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Fig. 11(a) shows the CV response for P111i4FSI with 0.5mol kg
1
LiFSI at 25 1C as a function of the negative limit switching
potentials on a nickel electrode. Switching the potential at less
negative values (from 4.0 to 3.8 V vs. Ag/AgOTf) causes an
increase in the cathodic and anodic currents at high temperature.
However, while holding the potential at 4.0 V vs. Ag/AgOTf, the
anodic currents are still retained. This is interpreted as a result of a
competition between IL (cation) decomposition and lithium
reduction, indicating that Li deposition is no longer the dominant
electrochemical process at these more negative potentials and that,
most likely, reduction of the phosphonium cation begins to
dominate in the potential region below 3.8 V vs. Ag/AgOTf.
Fig. 11(b) shows the CV response for P111i4FSI + 3.2 mol kg
1 LiFSI
at 25 1C as a function of switching potential. The electrochemical
stability of Li is improved with increased concentration suggesting
promising behavior of the highly concentrated electrolyte in a
lithium battery; furthermore, the anodic current is significantly
increased when switching the potential at 4.3 V vs. Ag/AgOTf,
with no indication of IL breakdown even under these extreme
conditions. This represents an overpotential with respect to
Li of around 1.1 V, which oﬀers an impressive range of electro-
lyte stability from the point of view of overpotentials during
battery charging.
Conclusions
The electrochemical and physicochemical properties of lithium
ion containing P111i4FSI electrolytes were investigated. As the
concentration of lithium salt was increased, the Tg of the
electrolytes increased and the freezing/melting behaviour was
completely suppressed. The dynamic viscosities and ionic
conductivities can be well described by the VTF model. With
increasing lithium ion concentration the viscosity increases
while the conductivity decreases. P111i4FSI has a large electro-
chemical window (6 V vs. Ag/AgOTf at a glassy carbon electrode)
and supports lithium reversible cycling at various concentra-
tions and temperatures. At more negative switching potentials
however, reduction of the phosphonium cation competes with
lithium deposition in the lower Li concentration electrolytes.
However, in the 1 : 1 mol ratio mixture, significantly more
reversible and eﬃcient Li deposition/dissolution was observed,
even at switching overpotentials as high as 1.1 V, indicating
high electrolyte stability at these compositions. Solutions of
Fig. 10 Linear sweep voltammograms (1st cycle) for a solution of
(a) 0.5 mol kg1 (S.P of 3.8 V vs. Ag/AgOTf); (b) 3.2 mol kg1;
(c) 3.8 mol kg1 LiFSI in P111i4FSI at a nickel electrode with a 20 mV s
1
potential sweep rate as function of temperature. Switching potential was
3.8 V vs. Ag/AgOTf for 0.5 mol kg1 and 4.0 V vs. Ag/AgOTf for the
higher concentrations.
Fig. 11 Linear sweep voltammograms for a solution of (a) 0.5 mol kg1;
(b) 3.2 mol kg1 of LiFSI in P111i4FSI at a nickel electrode with a 20 mV s
1
potential sweep rate at 25 1C at various switching potentials.
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LiFSI in the ionic liquid P111i4FSI exhibit reasonable transport
properties. NMR diﬀusion measurements reveal unusual beha-
viour of mobility of Li+ ions at high Li+ concentration with the
lithium diﬀusion coeﬃcient being higher than the phospho-
nium cation diﬀusion for the more highly concentrated electro-
lytes. These solutions could thus be promising electrolytes for
lithium batteries.
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1 Preparation of trimethyl(isobutyl)phosphonium 
bis(fluorosulfonyl)imide (P111i4FSI)
Isobutylphosphine (CYTOP®141, Cytec Industries) was reacted with trimethyl phosphate (>3 mol) at a temperature 110-130 °C using the process described in US patent 7,829,744 B2. The trimethyl(isobutyl)phosphonium dimethylphosphate intermediate  was further reacted with 1.05 equivalents of potassium bis(fluorosulfonyl)imide (KFSI) in the presence of dichloromethane. The organic phase was treated with saturated NaHCO3 in water followed by additional washes with H2O, hexanes, and a number of washes with deionized H2O and checked for the presence of any residual halide with the use of AgNO3 in water.  After removal of the volatiles on the Rotovap, the resulting product was additionally purified using short-path evaporator. Its structure was confirmed by 1H, 13C, 19F and 31P NMR analyses (deuterated acetone ((CD3)2CO)).
2 Nuclear Magnetic Resonance spectra of P111i4FSI
Figure S3 31P NMR spectrum of P111i4FSI
2
Figure S4 19F NMR spectrum of P111i4FSI
Figure S5 1H NMR spectrum of P111i4FSI
3
Figure S6 13C NMR spectrum of P111i4FSI
4
3 Electrospray mass spectra of P111i4FSI
Figure S7 Mass spectra of P111i4FSI
4 Transport properties – VTF parameters
(a)  (b) 
Figure S1 VTF plots of ionic conductivity (a) and dynamic viscosity (b) for 
P111i4FSI electrolytes and various concentrations of LiFSI
5
Table S1 VTF equation parameters of ionic conductivity from -40 to 120°C (
)= 0{ ‒ 
 ‒ 0}
LiFSI 
concentration
Molar ratio
Li+: P+
Ln  / 0
mS.cm-1
B (K) (K)0 R (correlation 
coefficient)
2.0 0.19:0.31 6.36±0.09 791±24 160±2 0.9999
3.2 0.25:0.25 6.07±0.0.02 768±5 173±0.3 0.9999
3.8 0.27:0.23 6.35±0.0.04 844±8 171±0.5 0.9999
Table S2 VTF equation parameters of dynamic viscosity from 20 to 80°C (
)= 0{ 
 ‒ 0}
LiFSI 
concentration
Molar ratio
Li+: P+
Ln  / P0 B (K) (K)0 R (correlation 
coefficient)
2.0 0.19:0.31 -4.84±0.38 589±100 188±11 0.9998
3.2 0.25:0.25 -5.69±0.39 863±117 173±10 0.9999
3.8 0.27:0.23 -5.16±0.64 742±170 186±15 0.9996
6
5 Electrochemical measurements of tri(methyl)isobutylphosphonium 
bis(fluorosulfonyl)imide (P111i4FSI)
Figure S2 Linear sweep voltammograms for neat P111i4FSI at a glassy 
carbon working electrode with a potential sweep rate of 20mV.s-1 at 
different temperatures 25-50-75-100°C.
7
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FTIR studies of P111i4FSI electrolytes
Further characterisation of the electrolytes was conducted using Fourier transform 
infrared (FTIR) spectroscopy in order to investigate the interactions between the three 
ions present in the IL electrolytes: the Li+ cation, the IL cation (P111i4+) and the IL 
anion (FSI-). FTIR spectra for the IL electrolytes and pure LiFSI salt are presented in 
Figure 47. The majority of peaks were assigned based on the assignments for a solution 
of LiFSI in C3mpyrFSI reported by Yoon et al.7 Peak assignments for the FTIR spectra 
of neat P111i4FSI and P111i4FSI electrolytes are presented in Table 15. Figure 47 (a) 
presents the IR spectra for the different salt concentrations. The results showed S-N-S
stretching vibration peaks (asymmetric and symmetric stretching vibrations at 828 and 
731 cm-1 respectively) shifting to a higher wavenumber with increasing Li salt 
concentration. The S-F asymmetrical stretching, previously assigned by Yoon et al. at 
830 cm-1,7 shifts closer to the peak position found for the pure LiFSI salt. Figure 47
(b) shows the FTIR spectra for the asymmetric SO2 bending vibrations located at 566 
cm-1. The spectra reveal the appearance of a shoulder at ~ 595 cm-1 with increasing 
intensity as the LiFSI concentration increases. These observations could suggest 
changes in speciation between Li+ and FSI- ions and were confirmed by diffusion NMR 
analysis in Chapter 3. Similar results were previously reported for solutions based on 
C3mpyrFSI.7 Based on Raman spectroscopy and simulations, their results indicated a 
change in coordination from Li(FSI)3 to Li(FSI)2 species and from trans to cis 
conformation of the FSI anion.
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Figure 47 FTIR transmittance spectra: (a) from 900 to 680 cm-1; (b) from 700 to 500 
cm-1
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Table 15 Assignment for the FTIR spectrum data of neat P111i4FSI and P111i4FSI 
electrolytes 
(ȞVWUHWFKLQJįEHQGLQJVVWURQJPPHGLXPZZHDN
Assignment
Peak (cm-1)
References
Neat P111i4FSI
0.5 mol.kg-1
LiFSI in 
P111i4FSI
3.8 mol.kg-1
LiFSI in 
P111i4FSI
Pure LiFSI 
salt
įa(SO2) 566 (s) 566 566 567 8
Ȟs(SNS) 731 (m) 737 746 757 7-10
Ȟa(SNS) and 
Ȟ(SF) 828 (m) 830 843 856
7, 10-11
Ȟa(SO2-N-SO2) 1100 1103 8, 11-12
Ȟ622-N-SO2)
1172 (s)
1216 (w)
1171
1217
1114
1168
1220
1178
1234
8, 11-12
ĲCH2) 1307 1307 1307 8, 10
Ȟa(SO2) 1359 (s) 1359 1358 1365 8, 10-11
Ȟa(SO2) 1376 (s) 1376 1374 8, 11
į&+2)
from P-CH2
1423 (w) 1425 1421 8, 10
Ȟ(CH2)Ȟ(CH3) 1470 (m) 1471 1471 8, 13-14
Ȟ(CH2) 2878 (w) 2878 2882 8, 10, 12, 14
Ȟ(CH2) 2928 (w) 2929 2931 8, 10, 12, 14
Ȟ(CH2) 2970 (w) 2971 2973 8, 10, 12, 14
Ȟ(CH2) 3006 (w) 3006 3006 8, 10, 14
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3.3 Conclusions
In this chapter we described the physicochemical and electrochemical properties of 
solutions based on a phosphonium bis(fluorosulfonyl)imide (FSI-) ionic liquid with the 
LiFSI salt. This ionic liquid can dissolve this lithium salt up to 1:1.2 IL:Li salt 
concentration ratio.
The addition of lithium salt into the IL had a significant positive impact on the thermal 
behaviour of the solutions. Highly concentrated IL electrolytes were characterised by 
low glass transitions, making them very practical for electrolyte applications over a 
wide temperature range.
In spite of higher viscosity and lower conductivity the electrolyte containing 3.2 
mol.kg-1 of lithium salt (i.e., a 1:1 molar ratio of salt and IL) showed distinctive lithium 
deposition / dissolution enhanced by high lithium salt content. NMR diffusivity 
measurements showed that, at high lithium salt content, the mobility of the Li+ cation 
relative to that of the other ionic species is greater than in solutions with lower lithium 
salt content. On the other hand FTIR analysis combined with NMR diffusivity 
measurements confirmed a change in Li speciation in the IL electrolytes with high Li 
salt content. The results imply that the lithium transport mechanism in these highly 
concentrated IL electrolytes may differ to that in IL electrolytes with low lithium salt 
content. Finally the IL electrolyte with the highest lithium salt content is expected to 
show remarkable plating and stripping capability with a lithium metal electrode.
Similar results were obtained using another phosphonium ionic liquid consisting of the 
same anion (FSI-) and a mixture of four phosphonium cations (Pmix). This IL can 
dissolve similar quantities of LiFSI; the solutions of PmixFSI with highest lithium salt 
content maintained reasonable ionic conductivities at temperatures below 0 °C.
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Chapter 3 Appendices
Figure S 1 7Li NMR chemical shifts at 25 °C for P111i4FSI – LiFSI mixtures (2 M 
LiCl reference). The arrow indicates the direction of increasing LiFSI concentration 
and a shift to higher fields, consistent with a more electron-shielded environment as 
the Li+ concentration increases.
Figure S 2 Chemical structures of the ionic liquid consisting of a mixture of the 
bis(flurosulfonyl)imide FSI- anion and four phosphonium cations (PmixFSI)
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Table S 1 Physicochemical properties of PmixFSI – LiFSI mixtures at 25°Ca
[LiFSI] 
(mol.kg-1)
FW Tg ± 0.2(°C) Tm ± 0.2(°C)
d ± 0.001 
(g.cm-3)
Ș
(mPa.s)
ı
(mS.cm-1)
0 304 - -49.6 1.285 35 5.4
0.5 294 -104.3 - 1.331 69 4.5
1.0 285 -98.9 - 1.367 99 3.8
3.3 260 -81.1 - 1.487 414 0.8
a FW: formula weight. Tg: glass transtition (°C). Tm: melting point (°C). d: density at 
&ȘG\QDPLFYLVFRVLW\DW&ı: ionic conductivity at 25°C.
Figure S 3 DSC traces for neat PmixFSI and solutions of LiFSI in PmixFSI as a 
function of LiFSI concentration at a scan rate of 10 °C min-1
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Figure S 4 Dependence of ionic conductivity (a) and dynamic viscosity (b) on 
temperature for neat PmixFSI and solutions of LiFSI in PmixFSI. (Error bars were 
smaller than the data point markers)
Figure S 5 Walden plot showing relationships between inverse viscosity and molar 
conductivity for PmixFSI with different LiFSI concentrations
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Figure S 6 Linear sweep voltammograms for neat PmixFSI at a glassy carbon working 
electrode with a potential sweep rate of 20 mV.s-1 at 25 °C
Figure S 7 Linear sweep voltammograms (1st cycle) for a solution of (a) 0.5 mol.kg-1;
(b) 1.0 mol.kg-1 at a nickel electrode with a 20 mV.s-1 potential sweep rate as 
function of temperature. Switching potential was -3.8 V vs. Ag/AgOTf.
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Chapter 4 Rate and cycling performance of 
lithium metal electrodes in 
trimethyl(isobutyl)phosphonium 
bis(fluorosulfonyl)imide ionic liquid
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4.1 Introduction
In the previous chapter the electrochemical and physicochemical properties of lithium 
containing P111i4FSI electrolytes were investigated. It was shown that these electrolyte 
solutions were promising electrolytes for lithium batteries with attractive properties 
including a wide electrochemical window and sufficient lithium ion diffusivity. 
Improved reversibility and efficiency of lithium deposition / dissolution were also 
reported in highly concentrated IL electrolytes (55 mol % Li+). This chapter describes 
the rate and cycling performance of lithium metal electrodes in these lithium 
containing P111i4FSI electrolytes, highlighting the importance of salt concentration on 
the solid electrolyte interphase (SEI) and lithium deposition morphology. The 
advantages and problems of the use of Li metal electrodes and the importance of the 
SEI have already been discussed in Chapter 1 (sections 2.3, 4.6 and 4.7).
In this Chapter we demonstrate that the use of a highly concentrated IL electrolyte 
based on the IL P111i4FSI and LiFSI salts supports dendrite-free plating of Li metal at 
high rates and capacities. We also show that this exceptional performance is made 
possible by the formation of a stable, compact and low resistance SEI layer at the Li 
metal anode. In this chapter, the cycling performance of Li | Li symmetrical cells is 
investigated:
x as a function of Li salt concentration, with increasing amounts of charge of Li 
reduced and oxidised (from 6.4 x 10-3 to 0.13 mg.cm-2, i.e. 25 x 10-3 to 0.5 
mAh.cm-2 respectively)
x as a function of Li salt concentration and temperature (25 and 50 °C), with high 
amount of charge applied comparable to that of a practical rate of a commercial 
Li battery with a 1 C loading of 3 mAh.cm-2 (up to 6 mAh.cm-2)
x providing an example of a Li metal electrode rate capability study in the 
phosphonium IL electrolyte with the highest Li salt concentration (amount of 
charge applied of 4.0 x 10-2 mg.cm-2, e.g. 0.16 mAh.cm-2)
x a study of the Li surface morphology of cycled Li metal electrodes, developing 
suitable ex-situ surface preparation methods and applying SEM 
characterisation.
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4.2 Experimental methods
Electrolytes were prepared as described in Chapter 2. A lithium hexafluorophosphate 
(LiPF6, 1M) - ethylene carbonate (EC) - dimethylcarbonate (DMC) (1:1 v/v) 
electrolyte was the conventional organic electrolyte (Solvionic) used for comparison. 
As already mentioned in Chapter 2, the experimental methods relevant to the studies 
presented in this Chapter were:
x Li | Li cell assembly and testing(galvanostatic cycling and EIS)
x SEM
4.3 Results
Li metal plating / stripping cycling stability and rate capability of P111i4FSI IL 
electrolytes
4.3.1.1 Lithium salt concentration dependence of the cycling performance
Cycling measurements were conducted to determine any significant correlation 
between salt concentration and Li | Li symmetrical cell cycling performance and the 
cycling stability of Li metal. The IL electrolytes studied in this section were solutions 
of 0.5, 1.0, 2.0 and 3.8 mol.kg-1 of LiFSI in P111i4FSI. These were compared to an 
organic carbonate reference electrolyte commonly used in Li batteries: 1 M LiPF6 in 
EC:DMC (1/1 vol/vol). Cells were cycled at different current densities ranging from 
0.05 mA.cm-2 to 1.0 mA.cm-2 (0.05, 0.1, 1.0 and 0.05 mA.cm-2 corresponding to the 
amounts of charge of Li reduced / oxidised of 6.4 x 10-3, 1.3 x 10-2 and 0.13 mg.cm-2,
i.e. 25 x 10-3, 0.05 and 0.5 mAh.cm-2 respectively) for 30 min (one plating process for 
30 min and one stripping process for 30 min each) at room temperature (25 °C). The 
Li metal electrode impedance was recorded each time the current density was varied. 
The potential of the Li metal working electrode (WE) during constant Li plating / 
stripping in a Li | Li cell and EIS spectra of the Li WE are shown in the following 
graphs for the different electrolytes (Figure 48 to Figure 52).
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In lithium plating / stripping processes, polarisations are generated by kinetic barriers 
in the electrolyte (e.g. Li+ ion transport, SEI formation, reduction / oxidation processes 
and charge transfer resistances at the Li electrode).1-2 The contributions of these 
processes to the overall cell resistance (R) can be identified by EIS.
Figure 48 (a) Voltage time profiles for a Li | Li symmetrical cell with 1 M LiPF6 in 
EC:DMC (1/1 vol/vol) over 10 plating / stripping processes at 0.05, 0.1, 1.0 mA.cm-
2. All cells cycled at 25 °C. (b) EIS spectra of the cell before and after cycling.
Figure 49 (a) Voltage time profiles for a Li | Li symmetrical cell with 0.5 mol.kg-1 of 
LiFSI in P111i4FSI over 10 plating / stripping processes at 0.05, 0.1, 1.0 mA.cm-2. All 
cells cycled at 25 °C. (b) EIS spectra of the cell before and after cycling.
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Figure 50 (a) Voltage time profiles for a Li | Li symmetrical cell with 1.0 mol.kg-1 of 
LiFSI in P111i4FSI over 10 plating / stripping processes at 0.05, 0.1, 1.0 mA.cm-2. All 
cells cycled at 25 °C. (b) EIS spectra of the cell before and after cycling.
Figure 51 (a) Voltage time profiles for a Li | Li symmetrical cell with 2.0 mol.kg-1 of 
LiFSI in P111i4FSI over 10 plating / stripping processes at 0.05, 0.1, 1.0 mA.cm-2. All 
cells cycled at 25 °C. (b) EIS spectra of the cell before and after cycling.
Figure 52 (a) Voltage time profiles for a Li | Li symmetrical cell with 3.8 mol.kg-1 of 
LiFSI in P111i4FSI over 10 plating / stripping processes at 0.05, 0.1, 1.0 mA.cm-2. All 
cells cycled at 25 °C. (b) EIS spectra of the cell before and after cycling.
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Smaller Li surface impedances were recorded in the case of P111i4FSI electrolytes with 
high Li salt content in comparison to the organic carbonate electrolyte. These first 
results suggest a better compatibility of the phosphonium IL electrolytes with the Li 
metal electrode. Yoon et al.3 already reported that the salt concentration dependence 
on the cell cycling performance was not significant in the case of pyrrolidinium FSI 
IL electrolytes. In the case of a phosphonium IL electrolyte herein each cell shows 
that, for any given applied current density, the polarisation remains relatively stable 
over 10 plating / stripping processes for each current density. The most significant 
changes occur when the salt concentration changes: significant instantaneous 
polarisation was observed for every cell (e.g. polarisation values increased from 0.025 
to 0.05 V when the current density applied was increased to 1.0 mA.cm-2 in the case
of the IL electrolyte with highest Li salt content), however an important decrease of 
impedance was monitored as the current density was increased.
The cell resistance obtained from EIS measurements decreases with increased salt 
concentration of Li salt up to 3.8 mol.kg-1. For the cells containing 0.5 mol.kg-1 of 
LiFSI in P111i4FSI as the electrolyte, an unusual behaviour of cell resistance was 
observed at that specific concentration: the cell resistance decreases with increasing 
current density applied (i.e. with increasing charge applied as the time is kept constant) 
as shown in Figure 49.
When the salt concentration increases, the cell resistivity starts to increase when small 
current densities are applied (0.05 and 0.1 mA.cm-2) whereas the cell resistance drops 
when the current density applied is 10 times higher. This behaviour was attributed to 
the beneficial presence of the FSI- anion in the electrolyte, as reported by Yoon et al. 
and Passerini et al.3-4 When reapplying a small current density (0.05 mA.cm-2) the cell 
resistance remains almost constant regardless of the salt concentration but does not go 
back to its initial value over 10 plating / stripping processes. These observations 
suggest a good compatibility between the phosphonium IL electrolytes and Li metal 
under these specific cycling conditions.
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4.3.1.2 Conventional amount of charge applied (4.0 x 10-2 mg.cm-2, e.g. 0.16 
mAh.cm-2) – rate capability study
In this thesis, Chapter 6 reports on the cycling performance of lithium cells 
incorporating a high voltage cathode material, LiNiMnCoO2, also called NMC. The 
current rates (C-rates and current densities applied in Chapter 6 are calculated based 
on a cathode loading of 1.5 mg.cm-2 and theoretical capacity of 160 mAh.g-1. The 
present chapter focuses on the lithium metal itself, however the current densities 
applied to the Li | Li symmetrical cells with 3.8 mol.kg-1 of LiFSI in P111i4FSI 
electrolyte are equivalent to the C-rates based on the same cathode loading presented 
in Chapter 6; as shown in Table 16. This allowed to study the cycling behaviour of the 
highly concentrated electrolyte against Li metal when the same amount of charge is 
applied. Since there is no cathode material used in a Li | Li symmetrical cell setup we 
only refer to the current densities. We know that the quantity of charge contained in a 
current running for a specified time can be calculated with the following equation:5-6
ܳ = ܫ ×  ȟݐ (19)
where Q is the quantity of electricity or charge in amp hours (A.h), I is the current in 
amps (A), ǻt is the time in hours (h). By assuming Q = 160 mA.h for 1 mg of active 
material, the corresponding current densities were calculated and reported below in 
Table 16.
Table 16 Summary of current rates (C-rate) and corresponding current densities 
based on a cathode loading of 1.5 mg.cm-2 and theoretical capacity of 160 mAh.g-1
Equivalent C-rate 7LPHǻWK Current density j (mA.cm-2)
0.1 C 10 h 0.016
0.2 C 5 h 0.08
1 C 1 h 0.16
2 C 0.5 h (30 min) 0.32
4 C 0.25 h (15 min) 0.64
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Li | Li symmetrical cells were cycled at different current densities from 0.016 mA.cm-
2 to 0.64 mA.cm-2 over 10 plating / stripping processes for each current density at 25 
°C. The Li surface impedance was monitored before each increase in current density. 
A current density of 0.08 mA.cm-2 was reapplied at the end of the experiment to assess 
any reversibility in the variation of the Li surface impedance. The polarisation profiles 
are shown in Figure 53 and expanded views of the cell polarisation at different times 
are provided in Figure 54.
The shape of the polarisation profiles in the plating / stripping experiments is very 
similar during cycling (increased rate) as illustrated by the expanded views in Figure 
54. An increase C rate led to an instantaneous increase of polarisation, followed by a 
slight decrease over 10 cycles. Apart from this general initial increase, the profile 
shape rapidly stabilises within a few cycles. The impedance data in Figure 8(b) also 
indicated a general decrease of the Li surface impedance as the current density was 
increased, suggesting the formation of a film on the Li surface that becomes less 
resistive, or increased Li surface area as higher rates are applied.
Figure 53 (a) Voltage time profiles for a Li | Li symmetrical cell with 3.8 mol.kg-1 of 
LiFSI in P111i4FSI over 10 plating / stripping processes at 0.016, 0.08, 0.16, 0.32, 
0.64 and 0.08 mA.cm-2 at 25 °C. (b) EIS spectra of the cell before and after cycling.
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Figure 54 Expanded views of voltage time profiles for a Li | Li symmetrical cell with 
3.8 mol.kg-1 of LiFSI in P111i4FSI at 0.08, 0.16, 0.64, 0.64 and 0.08 mA.cm-2 at 25 °C
For each applied current density the following observations were made according to 
the rate capability study and acquired impedance spectra illustrated in Figure 53 (b):
x cycling at 0.016 mA.cm-2: a slight increase in impedance was monitored after 
10 cycles. The same behaviour was observed by Yoon et al.7 with a 
pyrrolidinium FSI IL electrolyte at such low current densities and was 
attributed to the presence of the FSI- anion in contact with Li metal.
x cycling at higher rates (from 0.08 to 0.64 mA.cm-2): a gradual decrease in 
impedance was monitored after cycling. The Nyquist plot still reveals 2 semi-
circles after cycling, suggesting the presence of at least 2 separate conduction 
paths/layers on the surface.
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Cycling performance of Li symmetric cells at 25 °C: ‘0.5C’ 3 mAh.cm-2
Symmetric Li | Li cells can also be used to investigate the reversibility of Li deposition 
and stripping. The advantage of symmetric Li | Li cells is that the only active material 
present is the Li metal, which is the target electrode material in this study and therefore 
it is possible to study the Li | Li+ couple without the interference of an insertion cathode 
material. In the previous sections of this chapter, the deposition and dissolution of 
substantial quantities of Li metal was reported, however the values rarely exceeded 0.1 
mAh.cm-2, which is in the range typically reported in most studies.2-3 However, for 
practical batteries the transfer of much larger amounts of charge is required (i.e., 
commercial Li-ion cells for laptop, smartphone applications typically incorporate 
cathode loadings which cycle between 3 and 6 mAh.cm-2).8-9
In the rest of this chapter, unless otherwise stated, the battery loading was chosen on 
the basis of a practical rate used in a commercial Li battery characterised by a 0.5 C
current and a loading of 3 mAh.cm-2.6, 10 This is equivalent to the loading of a Li | 
LiCoO2 battery having a specific capacity of 150 mAh.g-1 from 3.0 V to 4.2 V vs. Li | 
Li+ (i.e. a loading of 20 mg.cm-2 of active material). The three different electrolytes 
studied are: an organic carbonate electrolyte (1M LiPF6 in EC: DMC (1:1)), a dilute 
(0.5 mol.kg-1 salt in IL) and a highly concentrated (3.8 mol.kg-1 salt in IL) P111i4FSI IL 
electrolyte. Figure 55 shows the mid-term cycling stability of a coin-type Li | Li cell 
with each electrolyte after 50 cycles (each electrode was plated/stripped for 2 hours at 
1.5 mA.cm-2).
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Figure 55 Voltage profile during subsequent lithium plating / stripping processes on 
the WE in Li | Li symmetrical cells containing different electrolytes at j = 1.5 
mA.cm-2 (3 mAh.cm-2), at 25 °C: (a) 1M LiPF6 in EC:DMC (1/1 vol/vol) electrolyte; 
(b) 0.5 mol.kg-1 LiFSI in P111i4FSI electrolyte and (c) 3.8 mol.kg-1 LiFSI in P111i4FSI 
electrolyte.
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Figure 56 Nyquist plots of the impedance spectra of Li | Li cell with different 
electrolytes (a) after 1 day under OCP conditions, (b) after 1, (c) 10 and (d) 50 
lithium plating / stripping processes at j = 1.5 mA.cm-2 at 25 °C.
Besides a slight decrease of polarisation for the IL electrolytes under repeated cycling 
(Figure 55 (b) and (c)) the shape of the polarisation profile differs between the organic 
carbonate electrolyte and the IL electrolytes. The different shapes of the impedance 
spectra under repeated cycling, illustrated in Figure 56, are coherent with the 
polarisation profiles. For the organic carbonate electrolyte, an increase in polarisation 
during cycling (Figure 55 (a)) is related to a more resistive film formed on the Li 
surface between 10 and 50 cycles (Figure 56 (c) and (d)).
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As illustrated in the polarisation profiles in Figure 55, the first lithium plating process 
starts with an immediate drop in potential (to – 1 V at j = 1.5 mA.cm-2, Figure 55 (c)). 
This large drop, which follows the maximum polarisation in the experiment, can be 
explained by a high kinetic barrier for lithium deposition underneath the Li electrode 
prepared film. This film consists of the film formed during electrode preparation in the 
glovebox (brushed and rinsed in hexane). The related surface resistance is observed in 
the EIS measurements.
The previous measurements were conducted at 25 °C. For electric vehicle applications 
it is of particular interest to study the cycling performance of a Li battery at elevated 
temperature. Li symmetrical cells were assembled with a solution 3.8 mol.kg-1 of 
LiFSI in P111i4FSI. The same cycling conditions as those mentioned in the previous 
section were applied, only the cycling temperature was increased to 50 °C.
In-situ EIS characterisation of Li metal electrodes 
Electrochemical impedance spectroscopy was used to record the evolution of the 
interfacial properties of symmetrical cells employing three different electrolytes: an 
organic carbonate electrolyte (1M LiPF6 in EC: DMC (1:1)), a dilute (0.5 mol.kg-1 salt 
in IL) and a highly concentrated (3.8 mol.kg-1 salt in IL) P111i4FSI IL electrolyte.
First, the LiFSI temperature dependence of the Li surface resistance after the 24h rest 
step prior to cycling was investigated by monitoring Li | Li symmetrical cells after 1 
day under open-circuit potential (OCP) conditions at both 25 and 50 °C. The Nyquist 
plots of the impedance spectra are presented in Figure 57.
Figure 57 Nyquist plots of the impedance spectra of Li | Li cell after 1 day under 
OCP conditions at 25°C (left) and 50°C (right).
Chapter 4
Investigation of Phosphonium Bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium 
batteries
137
The spectra start from the bulk electrolyte resistance at higher frequencies and then 
show a semicircle at lower frequencies. Whereas the Ohmic part of the cell resistance 
is determined by the ionic conductivity of the electrolyte (Relectrolyte or R1), the low 
frequency semicircle corresponds to the processes at the two electrodes: capacitive 
properties of the SEI and charge-transfer resistances at the Li electrodes (including the 
SEI).11 These are interpreted as “Li electrode surface resistance” (Rsurface = R2 + R3)
and the determined resistance values recorded for a range of conditions are given in 
Table 17 and Table 18. These values are representative of a series of cells prepared in 
a single experiment, which compared well with the results obtained from two other 
replicate sets of experiments (R2 and R3 values within +/- 5 %). It is interesting to note 
WKDWDWÛ&WKHRKPLFUHVLVWDQFHRIWKHPRONJ-1 cell is higher than the 3.8 mol.kg-
1 cell, even though the 0.5 mol.kg-1 electrolyte has higher conductivity12 (9.6 mS.cm-1
for the 0.5 mol.kg-1 electrolyte against 2.2 mS.cm-1 for the 3.8 mol.kg-1 electrolyte). 
This must be due to differences in the lithium ion conductivity and the interactions and 
wetting that occurs between the bulk electrolyte and the Celgard separator employed, 
which presents another important avenue of investigation not studied here.
Figure 57 demonstrates that the Li salt content has a significant effect on the Li surface 
resistance and stability. The initial surface film (i.e., formed after 24h exposure of the 
Li native film to the electrolyte) formed in the highly concentrated IL electrolyte (3.8 
mol.kg-1 salt in IL) is the least resistive when compared to the other electrolytes. 
Furthermore, the surface film resistance measured at 50 °C is also lower than that 
measured at 25 °C, regardless of the Li salt content in the IL.
The evolution of the overall cell resistance R (R = R1 + R2 + R3) as a function of 
conditioning time was also of particular interest to characterise the electrode stability 
in each electrolyte. Figure 58 presents the time dependence of the cell resistance of Li 
| Li symmetrical cells after 0, 1, 3, 6 and 12 days under open-circuit potential (OCP) 
conditions at either 25 °C or 50 °C. The results show that the SEI resistance exhibits a 
significant temperature dependence as previously reported in other IL electrolytes13
and this suggests that the SEI character will be critical in determining cell performance 
at ambient and sub-ambient temperature. However, this also demonstrates that the 
conductive nature of the SEI formed at 25 °C becomes more practical at 50 °C. 
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The cell resistance (dominated by the impedance of the SEI layer formed on the plated 
Li metal) remains low when Li metal is stored in 3.8 mol.kg-1 LiFSI in P111i4FSI in 
spite of the increased viscosity of the electrolyte at this concentration.12
The increase in cell resistance as a function of conditioning time indicates continued 
formation of the surface film on the untreated (i.e. uncycled) Li foil and a thickening 
of this film. Under OCP conditions, the rate of increase in resistance decreases after 
several days. The results suggest that these resistances converge to a maximal value 
within 2 weeks. 
The graphs also reveal that the 3.8 mol.kg-1 LiFSI IL electrolyte promotes the 
formation a stable film of low resistance on the Li surface (at 25 and 50 °C) whereas 
the organic carbonate electrolyte promotes the formation of a significantly more 
resistive film on the Li surface. As expected, after 12 days under OCP conditions the 
cell resistaQFHDIWHUFRQGLWLRQLQJDW&ȍPHDVXUHGDW&LVPXFKKLJKHU
WKDQWKDWDW&ȍPHDVXUHGDW&7KLVLVUHODWHGWRWKHLPSURYHGWUDQVSRUW
properties of the electrolyte and SEI layers at elevated temperature. Surprisingly, the 
cell resistance of the 0.5 mol.kg-1 sample remains comparatively low and stable over 
the term of the experiment. This may be due to relatively inhomogeneous SEI coverage 
of the electrode, which contributes to poor cycling of the electrode discussed later.
Figure 58 Time dependence of the overall cell resistance (R = R1 + R2 + R3) of Li | Li 
cells with all electrolytes after 0, 1, 3, 6 and 12 days under OCP conditions 
DWD&DQGEÛ&
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Cycling performance of Li symmetric cells at 50 °C: ‘0.5C’ - 3 mAh.cm-2
In order to benefit from the increased fluidity and conductivity of the electrolyte, cells 
were cycled at elevated temperatures (50 °C), in the range of many common operating 
environments.14 Galvanostatic cycling was used to further investigate the stability of 
the Li metal anode in the concentrated and dilute IL electrolytes. 
The amount of charge applied was set to 3 mA.h.cm-2, a value comparable to those in 
commercial Li-ion cells, as previously shown for the 25 °C experiments in section 3.2 
of this chapter. Figure 59 shows the mid-term cycling stability of a coin-type Li | Li 
cell with each electrolyte after 50 cycles (each electrode was plated/stripped for 2 
hours at 1.5 mA.cm-2). A voltage profile presents the potential of the Li metal working 
electrode (WE) during constant current Li deposition and dissolution. The positive 
potentials of the Li WE represent the polarisation potentials appearing during Li 
dissolution whereas the negative potentials represent the polarisation potentials during 
Li deposition on the WE. The interpretation of these potentials allows an in situ 
observation of different stages of these processes. 
The Li | Li cells cycled in the organic carbonate electrolyte are characterised by 
increasing polarisation due the build-up of mossy and ‘dead-lithium’ deposits, with 
subsequent increased SEI resistance, along with the possibility of dendrite formation 
under the same cycling conditions8 (Figure 59 (a)) whereas the voltage profiles of Li | 
Li cells cycled in the highly concentrated IL electrolyte (Figure 59 (c)) suggest an 
improved cycling stability in comparison to the cells cycled in the dilute IL electrolyte 
which exhibited considerable variations of voltage after around 40 cycles (Figure 59
(b)). The voltage profile of a Li | Li cell with the highly concentrated 3.8 mol.kg-1
LiFSI in P111i4FSI electrolyte is very stable over 50 cycles (Figure 59 (c)) during both 
plating and stripping processes, indicating that the electrolyte and SEI on the Li anode 
are both stable. 
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To confirm this, the stability of the Li surface resistance with cycling in these 
electrolytes was also studied. Figure 60 shows the Nyquist plot of the impedance 
spectra of Li | Li cells (for each electrolyte) after 1, 10 and 50 cycles and extracted cell 
resistance (Rcell) values plotted versus cycle number.
The impedance of the Li | Li cell with high LiFSI concentration electrolyte decreases 
with increasing cycle number, as previously observed for pyrrolidinium FSI IL 
electrolytes and ascribed to Li ‘surface reorganisation’ and ‘consolidation of the SEI’.
15 These results indicate that the SEI layer formed on the former surface is highly 
conductive, thus the cell polarisation does not increase, even after 50 cycles.
These results could indicate that the SEI layer formed on the former surface is highly 
conductive, thus the cell polarisation remains constant even after 50 cycles as shown 
in Figure 59 (c). However the same observations would be made if the SEI is soluble 
or porous (these conditions would lead to Li consumption from electrolyte reactions 
during cycling) or if the Li surface area were increasing during cycling.
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Figure 59 Voltage profile during subsequent lithium plating / stripping processes on 
the WE in Li | Li symmetrical cells containing different electrolytes at j = 1.5 
mA.cm-2 (3 mAh.cm-2), at 50 °C: (a) 1M LiPF6 in EC:DMC (1/1 vol/vol) electrolyte; 
(b) 0.5 mol.kg-1 LiFSI in P111i4FSI electrolyte and (c) 3.8 mol.kg-1 LiFSI in P111i4FSI 
electrolyte.
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Figure 60 Nyquist plots of the impedance spectra of Li | Li cell with different 
electrolytes (a) after 1 day under OCP conditions, (b) after 1, (c) 10, (d) 50 lithium 
plating/stripping cycles at j = 1.5 mA.cm-2 at 50 °C and (e) extracted cell resistance 
(Rcell) values.
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In sharp contrast, the impedance of the cell with the organic solvent electrolyte 
increased markedly with cycling, which has been attributed to factors including 
electrolyte breakdown and consumption, the formation of ‘dead-lithium’ and 
subsequent SEI buildup.1, 16-17 The contrasting dramatic decrease in cell impedance for 
the IL containing cells indicates an absence of these processes and has been suggested 
to result from a combination of improved electrolyte fluidity and Li+ diffusivity 
through the modified SEI, but also from surface area increase and SEI modification.4, 
15
With the highly concentrated IL electrolyte, it can be seen that the surface resistance 
(Rsurface) after 50 cycles is very close to that measured directly after assembly (0 days, 
Figure 4 (b)) and nearly one order of magnitude lower than that measured after 6 days 
under OCP conditions. This effect correlates with the polarisation behaviour 
(relatively low and stable) in the plating/stripping experiments presented earlier 
(Figure 59 (c)) and can, in part, be explained by an increase in the surface area of active 
lithium at the electrode during cycling. Interestingly, Rsurface after 50 cycles has the 
same order of magnitude in the case of both IL electrolytes, independent of the Li salt 
concentration. 
In the case of the highly concentrated IL electrolyte, the shape of the voltage profile 
also changes during cycling (Figure 61). The first Li dissolution process starts with an 
immediate increase of the potential (~ 0.09 V at j = 1.5 mA.cm-2). This increase, which 
is the maximum polarisation potential recorded during the whole experiment, can be 
explained by a specific kinetic hindrance for Li dissolution/deposition through the 
initial native surface film formed after immersion of Li into the IL electrolyte. 18 By 
the 50th cycle, the cell voltage profile has stabilised completely and there is no 
indication of any mass transport limitations in the response.
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Figure 61 Selected voltage profiles of subsequent Li stripping / plating process on the 
Li WE, denotes as cycles in Li | Li symmetrical cells containing 3.8 mol.kg-1 LiFSI 
in P111i4FSI electrolyte at j = 1.5 mA.cm-2, at 50 °C (1st, 2nd, 10th and 50th cycles from 
the left to the right).
Post cycling impedance spectroscopic characterisation of Li metal electrodes 
in contact with the highly concentrated IL electrolyte 
The post-cycling stability of the cell resistance as a function of resting time was studied 
for the high concentration IL electrolyte. The impedance of the cell after completing 
50 cycles at 50 °C was monitored after 1 and 8 weeks storage at 50 °C and then again 
after storage at 25 °C for a further 8 weeks after which the cell was returned to the 
oven for 24 h at 50 °C, the data is presented in Figure 62. The cell resistance decreased 
slightly when the cell was at rest at 50 °C and remained stable for over 8 weeks, 
indicating that the interphase exhibits a low and stable resistance under these 
conditions. 
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Placing the cell outside the oven at 25 °C for a further 2 months resulted in a slight 
increase in cell resistance, indicating that the SEI layer is also stable for prolonged 
periods at room temperature. The Nyquist plot in Figure 62(a) shows a decrease of the 
electrolyte resistance (from 20 ȍ at 25 °C to 7 ȍ at 50 °C, related to an improved 
fluidity and decrease of viscosity at higher temperature). The Li surface resistance also 
decreases again (from 32 ȍ at 25 °C to 9 ȍ at 50 °C). These spectra strongly illustrate 
a highly stable SEI layer formed at the Li surface over this specific temperature range.
Figure 62 (a) Nyquist plot of the impedance spectra of Li | Li cell with 3.8 mol.kg-1
LiFSI in P111i4FSI electrolyte after 1, 8 and 16 weeks rest after 50 lithium plating / 
stripping cycles at j = 1.5 mA.cm-2 at 50 °C (the cell was stored at 25 °C between 8 
and 16 weeks); (b) Time dependence of the overall cell resistance of the Li | Li cell.
Summary of the impedance spectroscopic characterisation of Li metal 
electrodes in each electrolyte 
A comparison of the resistances (Relectrolyte and Rsurface) of the cells under OCP 
condition with the resistances of the cycled cells is given in Table 17 and Table 18
Table 18. These results reveal that the ohmic resistance of the electrolyte Relectrolyte is 
far lower than the resistances at the electrode surface, Rsurface, and is very stable (Table 
17). This could be observed for all electrolytes. Notably, Relectrolyte was observed to 
LQFUHDVHVXEVWDQWLDOO\IRUWKHFDUERQDWHHOHFWURO\WHSDUWLFXODUO\DWÛ&KLJKOLJKWLQJ
the instability of this system with Li metal and reflecting the likely decomposition of 
the electrolyte plus the build-up of ‘mossy’ Li deposits which result in increased 
tortuosity for ion transport in the electrolyte.8, 19-21
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Interestingly, the 3.8 mol.kg-1 LiFSI system shows a decrease in Relectrolyte, which may 
be due to measurement artefacts but could also reflect an improvement and alteration 
in the separator dimensions and wetting that occurred during cycling.
Table 17 Electrolyte resistance Relectrolyte (±1 ȍ) and surface resistance Rsurface (± 1 ȍ)
of Li | Li cells with three electrolytes before and after 6 days under OCP conditions 
and after 1, 10 and 50 lithium plating / stripping cycles at j = 1.5 mA cm-2 at 25°C.
Cycling 
conditions
1 M LiPF6 in EC:DMC 
(1:1)
0.5 mol.kg-1 of LiFSI 
in P111i4FSI
3.8 mol.kg-1 of LiFSI 
in P111i4FSI
Relectrolyte Rsurface Relectrolyte Rsurface Relectrolyte Rsurface
Uncycled, 0d 6 507 4 276 24 101
Uncycled, 6d 7 743 7 693 24 413
1 cycle 7 73 6 75 16 60
10 cycles 7 29 6 67 15 22
50 cycles 16 38 6 4 9 4
Table 18 Electrolyte resistance Relectrolyte (±1 ȍ) and surface resistance Rsurface (± 1 ȍ)
of Li | Li cells with three electrolytes before and after 6 days under OCP conditions 
and after 1, 10 and 50 lithium plating / stripping cycles at j = 1.5 mA cm-2 at 50°C
Cycling 
conditions
1 M LiPF6 in 
EC:DMC (1:1)
0.5 mol.kg-1 of LiFSI 
in P111i4FSI
3.8 mol.kg-1 of LiFSI 
in P111i4FSI 
Relectrolyte Rsurface Relectrolyte Rsurface Relectrolyte Rsurface
Uncycled, 0d 3 54 5 55 7 9
Uncycled, 6d 5 111 5 48 7 80
1 cycle 5 - 7 30 7 33
10 cycles 12 58 10 28 8 37
50 cycles 100 32657 10 2 8 15
Chapter 4
Investigation of Phosphonium Bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium 
batteries
147
Li metal cycling stability under aggressive cycling conditions
Of particular interest with respect to the possible application of these electrolytes in 
real devices, was the study of the cycling behaviour of the highly concentrated IL 
electrolyte when the amount of charge applied is increased (e.g., from 3 to 6 mA.h.cm-
2) at the same temperature and under more aggressive cycling conditions (i.e., j = 12.0 
mA.cm-2, 50 °C, equivalent to 2 C rate for a cell with a high cathode active material 
loading). Figure 63 shows the long-term cycling stability of a Li | Li cell with 3.8 
mol.kg-1 LiFSI in P111i4FSI as electrolyte. Figure 64 and Figure 65 show an expanded 
view of several cycles (including the first cycle). A very high current density of 12 
mA.cm-2 was used and the cell was cycled for over 20 days. 
The voltage time profile suggests that the cell can sustain stable polarisations for an 
extended period; up to 20 days continuous cycling is demonstrated (450 cycles and 6 
mA.h.cm-2 of Li transferred per plating/stripping process) i.e., this stimulates 20 days 
of continuous 2C charge/discharge cycling in a “commercial” device. Larger 
polarisations are also recorded (e.g., after 15 days as shown in the inset) and these are 
interpreted as a signature of active lithium surface modification. These events do not 
seem to be related to lithium dendrite short-circuits, based on microscopic 
examinations of electrode surfaces presented in the next section and on previous 
observations using optical cells, nor do they seem related to electrolyte decomposition 
which typically results in steadily increasing cell resistance. 
The increase in polarisation could be an indication of the pore clogging mechanism 
suggested by Grande et al.4 who proposed that ion diffusion channels in the native SEI 
(e.g. at grain boundaries within the mostly inorganic SEI components close to the Li 
surface) become clogged by electrolyte decomposition products during cycling. High 
efficiencies were reported and it was suggested that cycle life was limited due to the 
pore clogging mechanism. The presence of an outer “organic/polymer” SEI layer 
composed of electrolyte decomposition products slowed the clogging process, but 
ultimately it was this process, not consumption of all available lithium due to poor 
efficiency, that led to cell polarisation and failure. 
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Hence these authors suggested that the efficiency values estimated by symmetrical cell 
cycling were lower than the true efficiency. In the case of the high concentration 
phosphonium system shown here, this failure mechanism could be suppressed, or 
perhaps overcome by the larger polarisations visible in the voltage profile and 
subsequent to these events the cell continues to cycle with a low and stable 
overpotential. This is interpreted as being the result of the formation of a highly 
conductive and uniform SEI on an “active” high surface area nanostructured Li 
deposit, which does not incorporate the original native SEI components.
Figure 63 Voltage profile during subsequent lithium plating / stripping processes on 
the WE in Li|Li symmetrical cells containing 3.8 mol.kg-1 LiFSI in P111i4FSI 
electrolyte at j = 12.0 mA.cm-2, at 50 °C.
Chapter 4
Investigation of Phosphonium Bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium 
batteries
149
Figure 64 Voltage profile of several cycles (1, 2, 3, 10) during subsequent lithium 
plating / stripping processes on the WE in Li | Li symmetrical cells containing 3.8 
mol.kg-1 LiFSI in P111i4FSI electrolyte at j = 12.0 mA.cm-2, at 50 °C.
Figure 65 Voltage profile of several cycles (50, 100, 200 and 400) during subsequent 
lithium plating / stripping processes on the WE in Li | Li symmetrical cells 
containing 3.8 mol.kg-1 LiFSI in P111i4FSI electrolyte at j = 12.0 mA.cm-2, at 50°C.
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As shown by Grande et al.2 this experiment allows for determination of the minimum 
Coulombic Efficiency (CE) occurring in the cell, which indicates a CE > 99.3% after 
450 cycles at the very high rates and charge transfer applied in these experiments. It 
should be noted that the cell was still cycling after the experiment was stopped and so 
the true efficiency is underestimated by this calculation. In contrast, the cycling of Li 
| Li cells with 0.5 mol.kg-1 LiFSI in P111i4FSI electrolyte at this current density often 
results in random voltage oscillations and increased polarisation events, as shown in 
Figure 66, suggesting intermittent cell shunting.
The SEM images presented in the following section highlight the formation and 
uniformity of a compact active Li deposit formed during cycling of these cells and 
further confirm the demonstration of exceptionally high coulombic efficiencies in 
these cells.
Figure 66 Voltage profile during subsequent lithium plating / stripping processes on 
the WE in Li | Li symmetrical cells containing 0.5 mol.kg-1 LiFSI in P111i4FSI 
electrolyte 
at j = 12.0 mA.cm-2, at 50°C.
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As supplementary information the following graphs (Figure 67 to Figure 69) present 
the polarisation profiles of the cell (E vs. capacity) with the highly concentrated IL 
electrolyte as well as the cycling dependence of the amount of charge plated and 
stripped.
Figure 67 (a) Plating and (b) stripping capacity profile during selected subsequent 
lithium plating/stripping processes (cycles 1, 2, 10 and 50) on the WE in Li | Li 
symmetrical cells containing 3.8 mol.kg-1 LiFSI in P111i4FSI electrolyte at j = 12.0 
mA.cm-2, at 50°C.
Figure 68 (a) Plating and (b) stripping capacity profile during selected subsequent 
lithium plating/stripping processes (cycles 100, 200 and 400) on the WE in Li | Li 
symmetrical cells containing 3.8 mol.kg-1 LiFSI in P111i4FSI electrolyte at j = 12.0 
mA.cm-2, at 50°C.
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Figure 69 Cycle dependence of the stripping capacity and coulombic efficiency (CE) 
of a Li | Li symmetrical cell containing 3.8 mol.kg-1 LiFSI in P111i4FSI electrolyte at j
= 12.0 mA.cm-2, at 50°C.
Li metal deposition morphology
4.3.8.1 Solubility test results and choice of rinsing solvent
Table 19 presents solubility results of the phosphonium IL P111i4FSI in different 
solvents.
Table 19 Solubility results of the IL P111i4FSI (S: soluble; I: Insoluble)
Solvent Acetonitrile DMC Hexane Diethyl ether Toluene
S / I S S I I I
Hexane is the solvent used to rinse the pristine Li metal surface so it would be ideal to 
be able to use it to remove any residue of IL on the Li surface, however, the IL is not 
soluble in this solvent. Therefore the use of hexane to wash the IL residue does not 
allow us to access any information on the Li surface morphology as illustrated in the 
SEM images compared with dimethyl carbonate (DMC) as shown in Figure 70. Since 
acetone is not a suitable solvent to store in an argon filled glove box, and the solubility 
results suggest that DMC could be suitable as a washing agent, this was the solvent of 
choice for these experiments. The low reactivity of DMC with Li metal was also 
confirmed by FTIR spectroscopy and explained in Chapter 5.
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Figure 70 SEM images (EHT = 5.00 kV) of the plated Li WE after 50 cycles at j =
1.5 mA.cm-2 in 3.8 mol.kg-1 of LiFSI in P111i4)6,DWÛ&ULQVHGZLWKKH[DQHOHIW
and DMC (right)
4.3.8.2 SEM images of the prepared film and cycled Li surfaces
To identify the mechanism supporting the cycling stability of the Li metal electrode in 
the highly concentrated IL electrolyte, cycled cells were stopped at different 
plating/stripping stages (after 1 and 50 cycles in the case of 3 mAh.cm-2; after 450 
cycles in the case of 6 mAh.cm-2) and SEM images of their electrodes were acquired 
to observe morphological changes. Selected images are presented in this section and 
the reader is provided with more images in the appendix section at the end of this 
chapter.
Figure 71 presents SEM images of a pristine Li metal surface brushed and rinsed in 
hexane. This surface will be referred to as the prepared film. Winter et al. recently 
demonstrated that direction and control of the Li deposition process were promoted by 
introducing surface patterns favourable for Li deposition.22
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Figure 71 SEM image (EHT = 2.00 kV) of Li metal rinsed with hexane
In the literature, several groups have reported the corrosion of Li metal as well as 
dendrite growth as a failure mechanism.13, 15, 23-24 In contrast, a different surface 
morphology of a plated Li metal electrode cycled in the highly concentrated IL 
electrolyte was observed after 1 and 50 cycles.
Lv et al.8 recently demonstrated in cross sectional images, that the Li metal anode’s 
porous interphase grows inward towards the bulk (fresh) Li metal and the 
accumulation of this highly resistive layer is accelerated at high current densities (> 
0.3 mA.cm-2) which would explain any increase in cell impedance and battery failure.
Figure 72 (a) gives an overview of the general appearance of the plated electrode after 
1 cycle, which is very different to that of the plated electrode after 50 cycles, depicted 
in Figure 72 (b). The deposit on the electrode after 1 cycle is characterised by nodule-
like features. The mossy dense features packed into bundles observed on the surface 
after 1 cycle remained unchanged after 50 cycles. This observation confirms the good 
compatibility between Li metal and the IL electrolyte with continuous plating, as well 
as the formation of a stable SEI. This SEI layer appears to hinder dendrite formation 
through inhomogeneities as well as the breakdown/clogging during long-term cycling.
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Figure 72 SEM images (EHT = 2.00 kV) of the plated Li electrode after (a) 1 cycle; 
(b) 50 cycles at j = 1.5 mA.cm-2 in 3.8 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHU
rinsing with DMC.
The comparison of the morphology of the pristine Li surface (Figure 71) with that of 
the plated surface suggests that ‘plateau’ features, as indicated in the figure, only 
appear after lithium plating / stripping cycles. In the case of the novel phosphonium 
electrolytes employed here, a dense and compact metal deposit is formed on the 
surface of the original Li metal electrode, as shown in Figure 72 (b).
$QHVWLPDWLRQRIWKHWKLFNQHVVRIWKLVGHSRVLWaȝPDIWHUF\FOHVVXJJHVWVDKLJK
cycling efficiency (when comparing the volume of metal deposit with the theoretical 
volume calculated from the charge applied, 3 mAh.cm-2, iHaȝPWKLFNQHVVIRUD
0.5 g.cm-3 Li deposit) and this is consistent with a CE > 95 %, indicating that a small 
amount of charge has been consumed by side reactions (which would form a very thin, 
and low resistivity SEI layer as discussed above). Further micrographs of the plated 
surface are provided in Figure 73 and in the appendix section at the end of this chapter.
plateaus
substrate
(b)(a)
§ȝm
nodule
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Figure 73 SEM images (EHT = 2.00 and 5.00 kV) of the plated Li electrode after 50 
cycles at j = 1.5 mA.cm-2 in 3.8 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHUULQVLQJ
with DMC; surface area close to the cross section (top left and bottom graphs) and 
further away from the cross section (top right only).
Under the more aggressive cycling conditions (i.e., 12 mA.cm-2 corresponding to 6 
mAh.cm-2) a metal deposit with similar features was formed on the surface of the Li 
metal, as shown in Figure 74. The compactness and uniformity of the electrode once 
again denotes the very high stability of Li metal in the highly concentrated IL 
electrolyte under these conditions. In this case of the thickness of the deposit, 
DSSURDFKLQJȝPLQGLFDWHVDGLIIHUHQWGLVWULEXWLRQRI/LPHWDOILOOLQJFRYHULQJWKH
nanostructured deposit, given that the estimated thickness for the 6 mAh.cm-2 should 
EHLQWKHYLFLQLW\RIȝP7KLVVXggests a more voluminous stripped deposit, which 
may reflect the increased number of cycles or the higher applied current used in this 
experiment.
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Figure 74 SEM images (EHT = 2.00 kV) of the plated Li electrode after 450 cycles at 
j = 12 mA.cm-2 in 3.8 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHUULQVLQJZLWK'0&
SEM micrographs of the stripped Li surface cycled in the highly concentrated IL 
electrolyte are presented in Figure 75 and show a sparse deposit in comparison to the 
images of the plated surface. The appearance of the stripped surface closely resembles 
that of the plated surface, but the remnant deposit appears to be of much higher surface 
area, with porosity and structure approaching the meso- nano-scale. The features of 
this deposit are believed to be critical in supporting the excellent cycling performance 
obtained and the following postulate is made: the deposit is composed mainly of SEI 
coated, nanoscale Li metal which supports a “breathing” mode of Li cycling, with the 
charged surface having the appearance of an “inflated version” of the remnant deposit.
Figure 75 SEM images (EHT = 2.00 kV) of the stripped Li electrode after (a) 1 
cycle; (b) 50 cycles at j = 1.5 mA.cm-2 in 3.8 mol.kg-1 of LiFSI in P111i4)6,DWÛ&
after rinsing with DMC.
(b)(a)
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Perhaps even more striking is the appearance of the underlying bulk Li metal 
“substrate”, which appears almost featureless and smooth. The nodule-like features 
observed on the plated Li surface after 1 cycle are also present on the stripped Li 
surface (Figure 75 (a)).
Micrographs of a Li WE surface (plated and stripped) cycled in the dilute IL electrolyte 
(0.5 mol.kg-1 LiFSI in P111i4FSI) are presented respectively in Figure 76 and Figure 77:
by comparison these images demonstrate a relatively uneven coverage of the plated Li 
surface; the distinct layer obtained for the highly concentrated IL electrolyte is less 
obvious and the underlying Li surface is more roughened. This indicates distinct 
differences in the progression of the plating/stripping processes for the two electrolyte 
systems and may be the basis for the improved performance exhibited by the high 
concentration electrolyte.
The evidence presented thus far indicates that the compact deposit layer formed on the 
Li electrode surface in the high concentration phosphonium FSI system does not 
undergo significant corrosion or side reactions and the underlying Li electrode appears 
almost pristine, all of which is critical for high CE and long-term cycling stability. The 
stable lithium electrode morphology observed here after cycling is in good agreement 
with the consistency of the recorded impedance spectra previously discussed.
.
Figure 76 SEM images (EHT = 2.00 kV) of the plated Li electrode after 50 cycles at 
j = 1.5 mA.cm-2 in 0.5 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHUULQVLQJZLWK'0&
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Figure 77 SEM images (EHT = 2.00 kV) of the stripped Li electrode after 50 cycles 
at j = 1.5 mA.cm-2 in 0.5 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHUULQVLQJZLWK
DMC.
From the previous microscopic analysis the following observations were made:
x the dimethyl carbonate (DMC) solvent used to cleanse the Li surface allowed 
access to more detailed information on the lithium surface morphology
x significant differences arise in morphology between the pristine Li surface and 
those plated in the phosphonium IL electrolyte
x a nanostructured electrode was created after 50 plating / stripping processes at 
j = 1.5 mA.cm-2 DWÛ&LQPRONJ-1 of LiFSI in P111i4FSI
x the formation of a stable porous interphase growing towards the Li substrate is 
enhanced by high Li salt content
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4.4 Conclusions
The interpretation of the polarisation profiles of lithium dissolution and deposition on 
lithium metal allowed an in situ observation of different stages of these processes. 
Comparative studies through galvanostatic cycling experiments combined with EIS 
and SEM analysis an insights into SEI formation and evolution in a phosphonium FSI 
IL electrolyte with high Li salt content.
An outstanding rate and cycling stability of Li metal electrodes in a phosphonium FSI 
IL, enhanced by high Li salt content, was demonstrated. Compact and non-dendritic 
Li metal can be deposited / stripped at rates and areal capacities equivalent or superior 
to those found for commercial graphite Li-ion electrodes when using a highly 
concentrated IL electrolyte based on P111i4FSI and LiFSI salt. These electrolytes are 
characterised by a low reactivity on Li metal and lead to the formation of a stable SEI 
layer. This results in a uniform Li deposition process which is improved with the 
addition of high concentration of LiFSI salt and the large amount of Li+ cations 
available enables high current densities to be used for Li metal plating. 
The resistance of the SEI layer significantly decreases after the first cycle and the film 
is characterised by a low and stable resistance, indicating that a highly conductive SEI 
layer is formed. SEM images highlight the compact features of the metal deposition 
layer and the retained pristine condition of the underlying Li metal electrode. The 
electrochemical and surface characterisation data indicate that minimal corrosion or 
reaction of the Li electrode occurs in these systems and this contributes to the excellent 
stability of the Li metal electrode demonstrated here. The surface features on Li metal 
in these electrolytes indicate that these materials are apt for safe use in Li metal 
batteries. This study provides an insight into understanding the role of these highly 
concentrated electrolytes in achieving stable cycling and this will be further explored 
in the next chapter. 
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Chapter 4 Appendices
Figure S 8 SEM images of the plated Li electrode after 50 cycles at j = 1.5 mA.cm-2
in 3.8 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHUULQVLQJZLWK'0&
Figure S 9 SEM images of the plated Li electrode after 1 cycle at j = 1.5 mA.cm-2 in 
3.8 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHUULQVLQJZLWK'0&
§ȝm
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Figure S 10 SEM images of the stripped Li electrode after 50 cycles at j = 1.5 
mA.cm-2 in 3.8 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHUULQVLQJZLWK'0&
Figure S 11 SEM images of the stripped Li electrode after 1 cycle at j = 1.5 mA.cm-2
in 3.8 mol.kg-1 of LiFSI in P111i4)6,DWÛ&after rinsing with DMC
Figure S 12 SEM images (EHT = 2.00 kV) of the plated Li electrode after 450 cycles 
at j = 12 mA.cm-2 in 3.8 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHUULQVLQJZLWK
DMC
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Figure S 13 SEM images of the plated Li electrode after 50 cycles at j = 1.5 mA.cm-2
in 0.5 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHUULQVLQJZLWK'0&
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Chapter 5 Spectroscopic characterisation of 
the SEI layer at the lithium metal electrode 
in contact with P111i4FSI - based electrolytes 
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5.1 Introduction
It is well known that the SEI layer formed on lithium (Li) metal is critical to the overall 
battery performance.1-2 Therefore the cycling efficiency of a Li battery depends on the 
formation mechanism and stability of the SEI. While most studies have focused on the 
SEI formation at the graphite electrode in the context of Li-ion batteries, the SEI 
formation at the Li metal electrode is still being investigated.1 Researchers are looking 
at the mechanisms of SEI formation prior to and during cycling. The standard 
electrolytes used in Li-ion batteries are based on organic carbonate solvents and their 
incompatibility with the Li metal electrode has been demonstrated in many studies due 
to dendrite formation, ‘mossy’ Li deposition and the formation of ‘dead-lithium’.3-4
Most approaches published in the literature have investigated new electrolyte 
components: new solvents,5-7 solvent mixtures,8-11 alternate Li salts.12-18 However, 
reports detailing SEI formation at the Li metal electrode in IL electrolytes remain 
limited.2, 19-24
The research in this field has recently increased due to the design of novel ILs with 
more beneficial properties for SEI formation to prevent short circuit and thermal 
runaway (e.g. low vapor pressure, wide electrochemical window, thermal stability).2
Initial studies reported on the use of ILs based on the TFSI and FSI anions due to their 
superior ionic conductivity and their wide electrochemical window to facilitate 
reversible Li + /Li0 deposition without any decomposition.18, 25 Basile et al.22 monitored 
the Li surface morphology as a function of immersion time in a pyrrolidinium FSI IL 
and demonstrated that the SEI formed initially was compatible with the Li metal 
electrode by smoothing its surface. After 12 days of immersion a roughening of the Li 
surface was observed with formation of coral crystal structures growing into grain 
boundaries. After 18 days of immersion these coral-like structures were not visible 
anymore and the surface had again become smooth. 
The commonly studied ILs for Li metal battery electrolytes include the following: 
pyrrolidinium and imidazolium TFSI ILs,23, 26-27 pyrrolidinium FSI ILs,22, 28-30
morpholinium FSI ILs,31 piperidinium TFSI and FSI ILs.31-32
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Most studies have used ILs with a nitrogen-based cation whereas there have only been 
limited studies of the SEI formed at the Li metal electrode in an IL with a 
phosphonium-based cation; for example a detailed XPS analysis of phosphonium ILs 
with relevant peak assignments to our study.33 An understanding of the mechanism of 
interaction between a phosphonium IL and the Li metal electrode is therefore 
important as novel phosphonium-based ILs with superior electrolyte properties are 
described.34-38
The previous chapter revealed that a solution of 3.8 mol.kg-1 of LiFSI in P111i4FSI 
allowed repetitive plating / stripping of Li suggesting the formation of a stable SEI at 
the Li metal electrode. The previous chapter also revealed the formation of a compact 
deposit on the Li substrate during cycling in this electrolyte leading to high cycling 
efficiency. In this chapter, the composition of the SEI formed in this highly 
concentrated IL electrolyte will be characterised to provide a better understanding of 
the SEI formation in this type electrolyte. A comparison of the nature of the SEI 
formation in the dilute IL electrolyte will be provided.
5.2 Experimental methods
Electrolytes and Li metal surfaces were prepared as described in Chapter 2. As already 
mentioned in Chapter 2, the experimental methods relevant to the studies presented in 
this Chapter are:
x Magic Angle Spinning Nuclear Magnetic Resonance spectroscopy (MAS 
NMR)
x Attenuated total internal reflectance Fourier transform infrared spectroscopy 
(ATR-FTIR)
x Soft x-ray photoelectron spectroscopy (XPS)
x Electrochemical impedance spectroscopy (EIS)
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5.3 Results
MAS NMR characterisation of the IL - Li substrate
Ex-situ Magic Angle Spinning Nuclear Magnetic Resonance spectroscopy (MAS 
NMR) was used to get a better understanding of the nature of the interaction of the IL 
and the Li substrate, as well as the chemical nature of the resultant film.39 This 
technique was recently reported in the context of characterisation of the SEI layer in 
Li batteries.40-44 The previous chapter revealed the outstanding cycling performance of 
the highly concentrated IL electrolyte on Li metal when 3 mAh.cm-2 (j = 1.5 mA.cm-
2) was applied over 50 plating / stripping processes at 50 °C. In this work we have 
investigated the Li metal substrate following the same cycling conditions in the highly 
concentrated P111i4 FSI – based electrolyte using solid - state NMR spectroscopy.
The deposit on the plated Li electrode (unrinsed) was scraped off the Li substrate. A 
50:50 (wt %) mixture of deposit: alumina powder (Al2O3 AC300) was prepared and 
used for the 7Li, 31P and 19F MAS NMR analysis. To confirm the reproducibility of the 
preparation of cycled Li electrodes, Li surfaces extracted from two different coin cells 
were analysed by 7Li and 19F MAS NMR. The spectra obtained were considered as 
identical as exemplified by the comparative 7Li and 19F spectra shown in Figure 78
and Figure 80.
Figure 78 (a) presents the 7Li NMR spectra for the SEI deposit of sample 1. The small 
signal at 260 ppm is assigned to Li metal.41 All the other resonances are around 0 ppm 
and correspond to diamagnetic species. These broad overlapping resonances were 
fitted and the fitted results are presented in Figure 79. There is a sharp resonance at -
1.3 ppm that corresponds to LiF.41-42 The broadest resonance rises at approximately 
2.8 ppm and may correspond to Li2O.42 The intermediate signal (0.5 ppm) could 
correspond to other diamagnetic species (such as Li2CO3 or organic lithiated species 
such as LiF, Li2S). For the 7Li NMR of sample 2 (Figure 78 (b)), the resonance was a 
little narrower compared to the first sample. It corresponds to the -1.3 ppm already 
observed in the sample 1 (LiF). The 7Li NMR spectra show that LiF is the main 
lithiated SEI component.
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Figure 78 7Li NMR spectra (500 MHz, 25 kHz spinning speed) for the 50:50 (wt %) 
mixture of SEI deposit: alumina powder (Al2O3 AC300) for (a) sample 1 and (b) 
sample 2. The SEI deposit was scraped off the plated Li electrode.
Figure 79 7Li NMR spectra with fitted peaks (500 MHz, 25 kHz spinning speed) for 
the 50:50 (wt %) mixture of deposit: alumina powder (Al2O3 AC300) for sample 1. 
The deposit was scraped off the plated Li electrode.
-300-200-1000100200300
G (ppm)
G (ppm)
(a) 7Li SEI sample 1 (b) 7Li SEI sample 2
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The 19F NMR spectrum of sample 1 is shown in Figure 80 (a). The signal at - 205 ppm 
corresponds to LiF, which is in agreement with the signal detected at -1.3 ppm on the 
7Li spectrum (Figure 79).41-42 Several broad resonances can be observed between - 140 
and – 170 ppm. In this region, the resonances are typically assigned to the following 
groups: CHF = CR2, CF = CF2, RCH2F where R can be attributed from ethyl- to buthyl-
groups.41, 43 These species could be lithiated compounds.45 For 19F NMR of sample 2 
(Figure 80 (b)), the same resonances as those in sample 1 can be observed, although 
the relative intensities are slightly different. The same fluorinated species are found in 
the SEI.
Figure 80 19F NMR spectra with fitted peaks (500 MHz, 23 kHz spinning speed) for 
the 50:50 (wt %) mixture of deposit: alumina powder (Al2O3 AC300) for (a) sample 
1 and (b) sample 2. The deposit was scraped off the plated Li electrode.
(b) 19F SEI sample 2
(a) 19F SEI sample 1
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The 31P NMR spectra of sample 1 only are illustrated in Figure 81 and show one sharp 
resonance at 24 ppm and indicate that the cation is unaffected by the presence of the 
inorganic surface. The resonance could also be attributed to the phosphonium cation 
itself.46-47
Figure 81 31P NMR spectra (500 MHz, 25 kHz spinning speed) for the 50:50 (wt %) 
mixture of SEI deposit: alumina powder (Al2O3 AC300) for sample 1. The SEI 
deposit was scraped off the plated Li electrode.
From this analysis the following mechanisms of SEI formation can be considered:
1. an adsorption mechanism: the anion is adsorbed onto the metal (or metal oxide 
layer) where an electrostatic interaction with the cation occurs to maintain 
charge neutrality, this mechanism implies the formation of a layered structure 
(two layers)
2. the anion interacts with the metal cation itself (e.g. Li+)
3. the IL ions (anion and/or cation) break down into several chemical species 
which can then interact with the Li surface via chemical adsorption or remain 
on top of the surface film if insoluble.
-150-100-50050100
G (ppm)
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The NMR study has given more insight into the chemical composition of the deposit 
formed on Li metal under specific cycling conditions (highly concentrated IL 
electrolyte, after 50 plating / stripping processes). The cycling dependence of the 
chemical composition of the deposit formed on the Li metal and its stability during 
cycling became of particular interest and was studied using FTIR, XPS and EIS 
spectroscopy in the aim of supporting the results obtained by NMR.
FTIR studies of cycled Li electrodes
The lithium disks removed from cycled Li | Li symmetrical cells containing the highly
concentrated P111i4FSI-based electrolyte are expected to reflect interactions with only 
three species: the IL cation (P111i4+), the IL anion (FSI-) or the rinsing agent (DMC). 
No significant conclusion on the SEI properties can be drawn from the non-rinsed 
surfaces (the same observations were made from the SEM analysis). The rinsing agent 
is necessary to be able to establish differences in the SEI properties according to the 
composition of the IL electrolyte. The use of DMC as rinsing agent has become an 
established method to remove residual IL electrolyte from the Li surface.21, 27, 31, 48
Peak assignments for the FTIR spectrum data of the prepared film and uncycled Li 
surfaces can be found in Table 20. The Li surface used in the coin cells (i.e. pristine 
Li surface brushed and rinsed with hexane) is referred to as the prepared film. The IR 
spectra of the prepared film, pure lithium hydroxide (LiOH) and lithium carbonate 
(Li2CO3) are provided in Figure 82.
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Figure 82 FTIR spectra of the prepared film, pure lithium hydroxide (LiOH) and 
pure lithium carbonate (Li2CO3)
Figure 83 FTIR spectra of control samples: pure LiFSI salt, neat P111i4FSI ionic 
liquid, unused Li surface immersed into DMC, prepared film. The prepared film is a 
pristine Li surface brushed and rinsed with hexane.
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Table 20 Assignment for the FTIR spectrum data of prepared film and other 
uncycled Li surfaces. The prepared film corresponds a pristine Li surface brushed 
and rinsed in hexane; the uncycled Li surface was subsequently immersed in 
P111i4FSI and DMC (ȞVWUHWFKLQJįEHQGLQJVVWURQJPPHGLXPZZHDN
Assignment Peak (cm-1) References
Prepared film Uncycled Li Li rinsed in DMC
Ȟs(SNS) 731 23, 49-51
Ȟa(SNS) and 
Ȟ(SF)
832
50, 52
Ȟa(SO2-N-SO2) 1105 23, 52-53
Ȟ622-N-SO2) 1188 23, 52-53
Ȟa(SO2) 1386 23, 50
Ȟ(Li2CO3) 1435 (w) 1426 (w) 23, 50, 52
Ȟ(CH2)Ȟ(CH3) 1470 (w) 1470 (w) 23, 54
Ȟ(CH2) 2852 2880 2854 23, 50, 53, 55
Ȟ(CH2) 2926 2928 2925 23, 50, 53, 55
Ȟ(CH2) 2963 2967 2960 23, 50, 53, 55
Ȟ(CH2) 3004 23, 50, 55
Ȟ/L2H) 3677 3677 3678 23, 31, 50, 52
Figure 84 (a) shows the IR spectra of the Li metal surfaces for electrodes removed 
from the cycled P111i4FSI type cells. Peak assignments are indicated on the figure and 
will be discussed below. Figure 84 (b) shows the low-frequency end of the Li metal 
spectra and illustrates significant differences in SEI properties between non-cycled and 
cycled Li surfaces. Peak assignments for the FTIR spectrum data of cycled Li surfaces 
can be found in Table 21.
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Figure 84 (a) FTIR spectra and (b) low-frequency portion FTIR spectra of SEI films 
of plated and stripped Li surface from P111i4FSI-based cells after 50 cycles at j = 1.5 
mA.cm-2 in 3.8 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHUULQVLQJZLWK'0&7KH
prepared film is a pristine Li surface brushed and rinsed with hexane.
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Peaks derived from the FSI- anion: strong peaks in Figure 85 at 1175 and 1380 cm-1
(with no significant shift) denote SO2 asymmetrical and symmetrical stretching, 
respectively, and indicate that the SO2 portion of the anion has remained intact and is 
part of the SEI. Some peak splitting is visible, as observed for the pure LiFSI salt IR 
spectrum. The SO2 group may belong to multiple species in the SEI but from FTIR 
spectra we cannot make any conclusion regarding the exact structure. There does not 
seem to be a peak that can be assigned to the S-F stretch in the lithium electrode 
spectrum. The strong peaks corresponding to SN stretch are clearly present in the 
lithium electrode spectrum at ~ 744 and 832 cm-1 (in the LiFSI spectrum at ~ 757 and 
853 cm-1) whereas a broader peak corresponding to the native oxide layer formed on 
the uncycled Li surface in contact with the IL is observed in the IR spectrum.
Peaks derived from the P111i4+ cation: all C-H based vibrations that do not arise from 
DMC reaction residue must be due to interactions with the P111i4 cation. There are 
clearly peaks associated with the CH3 stretch at 2880, 2928 and 2968 cm-1 which 
precisely match the positions of those in the IL spectrum (see IR spectrum of control 
sample in Figure 83). This indicates that, at least in most cases, the alkyl chains are 
preserved during SEI formation and suggest the presence of the intact phosphonium 
cation in the SEI.
Figure 85 shows the dependence of cycle number on the low-frequency end of the 
plated Li metal spectra. The low-frequency end of the spectra of the stripped Li metal 
surface are shown in Figure 86. The IR spectra of the plated Li metal surface (after ½, 
1 and 50 plating processes) are similar and mostly dominated by functional groups that 
belong to the IL; whereas the IR spectrum of the plated Li metal surface after 250 
plating processes shows much less vibrations
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The IL seems to be a major component on the plated Li surface (after extraction from 
the cell and rinsing / drying process) but after reaching several hundreds of plating 
processes, the observations suggest the formation of a more robust SEI where the IL 
and other chemical species could be trapped,56 as shown in the IR spectrum in Figure 
85. Absorptions at ca. 1425 cm-1 attributed to Li2CO3 were observed only in the IR 
spectra of plated Li surfaces after 50 and 250 cycles, as shown in Table 217KHȞ2+
absorption typically present at 3675 cm-1 in the IR spectra cannot be an evidence of 
formation of LiOH during cycling as the Li surfaces were exposed to air for a short 
period of time before being pressed onto the diamond on the ATR stage.
Table 21 Assignment for the FTIR spectrum data of cycled Li surfaces in 3.8 mol.kg-
1 of LiFSI in P111i4FSI (ȞVWUHWFKLQJįEHQGLQJVVWURQJPPHGLXPZZHDN
Assignment
Peak (cm-1) for plated Li surfaces 
(x number of plating / stripping processes) References
x ½ x 1 x 50 x 250
Ȟs(SNS) 751 780 744 764 23, 49-50
Ȟa(SNS)
and Ȟ(SF) 833 852 832 845
50, 52
Ȟa(SO2-N-SO2) 1103 1104 23, 52-53
Ȟ622-N-SO2) 1177
1118
1173
1221
1175
1218
1114
1189
1220
23, 52-53
ĲCH2) 1311 1307 1308 23, 50
Ȟa(SO2) 1356 1360 23, 50, 52
Ȟa(SO2) 1378 1377 1378 1387 23, 52
Ȟ(Li2CO3) 1424 1425 23, 50, 52
Ȟ(CH2)Ȟ(CH3) 1461 (w) 1469 (w) 1470 (w) 1469 23, 54
Ȟ(CH2) 2883 2879 2880 2878 23, 50, 53
Ȟ(CH2) 2928 2928 2928 2928 23, 50, 53
Ȟ(CH2) 2965 2967 2968 2968 23, 50, 53
Ȟ(CH2) 3003 3006 3006 3008 23, 50
Ȟ/L2H) 3676 3676 3676 3678 23, 31, 50, 52
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Figure 85 Dependence of cycle number on low-frequency portion of FTIR spectra of 
SEI films of plated Li surface from P111i4FSI-based cycled cells with 3.8 mol.kg-1 of 
LiFSI in P111i4FSI electrolyte (after ½, 1, 50 and 250 cycles). The prepared film is a 
pristine Li surface brushed and rinsed with hexane.
Figure 86 Dependence of cycle number on low-frequency portion of FTIR spectra of 
SEI films of stripped Li surface from P111i4FSI-based cycled cells with 3.8 mol.kg-1
of LiFSI in P111i4FSI electrolyte (after ½, 1, 50 and 250 cycles). The prepared film is 
a pristine Li surface brushed and rinsed with hexane.
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By comparing the IR spectra of plated and stripped Li surfaces, the percentage of 
transmittance is higher in the IR spectrum of the plated surface than that of the stripped 
surface (stretching vibrations corresponding to the anion and cation are more intense 
in the case of the plated surface) and secondly, the IR spectra are very similar at 
different stages of cycling (after ½, 1, 50 and 250 plating processes). Due to the thin 
nature of the SEI film signal intensities are generally weak and thus carry a large error 
which may be the reason for small discrepancies in the 1200 and 700 cm-1 regions. 
Therefore no significant compositional changes were identified, as exemplified in the 
IR spectra with normalised intensity in Figure 87.
Figure 87(a) FTIR spectra and (b) low-frequency portion FTIR spectra with 
normalised intensity of SEI films of plated and stripped Li surface from P111i4FSI-
based cells after 50 cycles at j = 1.5 mA.cm-2 in 3.8 mol.kg-1 of LiFSI in P111i4FSI at 
Û&DIWHUULQVLQJZLWK'0&
According to the previous observations, the following conclusions can be made. The 
FTIR spectroscopic analysis showed evidence that the CH3 group from the cation, the 
SO2 and SN groups from the anion are present in the SEI on the lithium metal 
electrode. It also appears that the SO2 group of the FSI anion is a major component in 
the SEI layer. The main outcome from the comparison of the Li surfaces at different 
plating / stripping stages is that the IR spectra of the plated and stripped Li surface 
acquired at the same stage are very similar. These results suggest highly effective and 
stable formation of the SEI on the plated / stripped surfaces early after cycling.
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XPS analysis of the SEI products
XPS high-resolution spectra peak identities were assigned from the Handbook of X-
ray Photoelectron Spectroscopy,57 the NIST XPS online database,58 published values 
and from previously reported XPS studies of Li metal surfaces in contact with ILs.22-
23, 33 It is important to note that XPS only shows the outer layer (~ 10 nm) – therefore 
any species present underneath this outer layer (which can be detected by FTIR and 
NMR analysis) are not detected.
5.3.3.1 A comparison between native and prepared film on Li surfaces
Figure 88 presents the chemical composition (atomic percent) from the survey spectra 
for the native film (oxide film present on the Li metal stored inside the glove box) and 
the prepared film (after brushing and rinsing the surface in hexane) on a Li metal 
surface. Survey scans were conducted on two different spots on each surface and 
herein the average values are reported. Both films are mainly composed of oxygen, 
carbon and lithium. A slight difference can be observed in terms of chemical 
composition of the films: a larger amount of oxygen was detected on the prepared film 
in comparison to the native film; very small amounts of fluorine and sulphur (< 0.5 %) 
were detected on the prepared film.
Figure 88 Chemical composition (atomic %) summary determined from the survey 
spectra for the untreated Li surface (native film) and the Li surface brushed and 
rinsed in hexane (prepared film)
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XPS analysis of the high resolution scans of the prepared Li surface revealed the 
presence of several chemical elements coming from impurities as can be seen in Figure 
89 and listed in Table 22. The Li 1s peak was located at 54.5 eV, this value being close 
to peaks previously assigned as LiOH / Li2CO3.14, 23, 57 The O 1s and C 1s spectra 
confirm the evidence of the chemical specie Li2CO3, with peaks detected at 531.2 eV 
and 287.1 on the O 1s and C 1s spectra respectively.14, 57 These impurities are most 
likely a result of surface handling, preparation and transportation (in a sealed vessel) 
outside the glove box. The F 1s spectrum can confirm the presence of LiF with a peak 
detected at 683.8 eV.22-23, 57 On the same spectrum another peak at 686.1 eV can be 
identified and can be attributed to a fluorocarbon specie.23 When combining all these 
information the prepared film on the Li surface can be characterised as a surface layer 
composed of LiOH, Li2CO3 and possible LiF, with pure Li0 metal underneath.14-15, 23, 
57
Figure 89 Li 1s, F 1s, C 1s and O 1s XPS spectra of the pristine lithium surface after 
washing with hexane
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Table 22 Summary of XPS data and assignments for the prepared lithium surface 
(brushed and rinsed in hexane)
Element Peak position (eV) Assignment
F (1s)
686.1 Fluorocarbon
683.8 LiF
O (1s)
531.2 LiOH
530.7
C (1s)
289.7 Chetero
287.1 Li2CO3
285 Caliphatic
Li (1s) 54.5 Li2CO3 / LiOH, LiF and Li0
5.3.3.2 XPS analysis of cycled Li surfaces
5.3.3.2.1 Reproducibility of XPS measurements and homogeneity of the SEI formed 
on Li surfaces
Survey scans were conducted on two different spots on each surface to assess any 
significant differences in the chemical elements detected and the calculated atomic 
percent. Figure 90 provides an example of atomic concentrations for each element for 
a Li surface after 50 plating / stripping processes in the IL electrolytes. The similarities 
in atomic concentration of each element on both spot areas reflects the homogeneity 
of the film formed on the Li surface in the highly concentrated IL electrolyte.23 In the 
case of the dilute IL electrolyte the atomic percent of carbon and lithium vary more 
significantly from one spot area to another (6 – 9 at. % difference). Very small amounts 
of nitrogen and phosphonium were detected (at. % (P) < 0.5 %, at. % (N) < 2 %) while 
smaller amounts of sulphur and larger amounts of lithium were detected. These 
observations suggest that the film formed on the Li surface in the dilute IL electrolyte 
could be thinner (supposedly composed of less species) and is not as homogeneous. 
This was also supported by EIS analysis (Chapter 4) where the overall film resistance 
was lower in the case of the dilute IL electrolyte. 
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The surface composition is affected by the electrode surface preparation and nature of 
electrolyte: the surface cycled in the dilute electrolyte is more dominated by Li and C 
elements whereas the surface cycled in the highly concentrated electrolyte has 
relatively less of these elements and more of the other elements (S, O and F).
Figure 90 Chemical composition (atomic %) summary determined from the survey 
spectra for two spot areas (1 and 2) of a Li surface after 50 plating / stripping 
processes in (a) the highly concentrated IL electrolyte and (b) dilute IL electrolyte
5.3.3.2.2 Cycling dependence of SEI composition in the highly concentrated IL 
electrolyte
Initial measurements clearly revealed that chemical species from the IL chemical 
elements were present on the surface of the sample in significant quantities, as 
expected after sample preparation. This shows the ultralow volatility of the electrolyte 
materials under ultrahigh vacuum (10í10 mbar).
Figure 91 presents a summary of the results obtained from typical survey spectra 
comparing the atomic concentration of the chemical elements (F, O, N, C, S, P, Li) for 
plated Li surfaces (after 1, 50 and 250 plating / stripping processes). The results 
provide further details on the homogeneity of the film formed on the Li surface related 
to cycling performance. Survey scans were conducted on two different spots on each 
surface and herein the average values are reported.
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While the survey spectra are dominated by carbon, oxygen and lithium, other chemical 
elements such as fluorine, nitrogen and sulphur are present in significant amounts on 
cycled Li surfaces. As indicated by the NMR and FTIR measurements, these elements 
are also derived from the IL FSI- anion and the presence of some of their chemical 
species is a signature of the SEI composition. These spectra indicate that the SEI 
composition remains broadly similar throughout extensive cycling, comprised of 
similar overall proportions of each element.
Figure 91 Chemical composition (atomic %) summary determined from the survey 
spectra for the Li surfaces after 1, 50 and 250 plating / stripping processes in 3.8 
mol.kg-1 of LiFSI in P111i4FSI
In order to gain further understanding of the chemical species that compose the SEI 
layer during cycling, XPS measurements were conducted at different numbers of 
plating / stripping processes (after 1, 50 and 250) and high-resolution scans were 
acquired. Table 23 provides a summary of XPS data and peak assignments for the 
different Li surfaces.
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Table 23 Summary of XPS data and assignments for the lithium surfaces (plated 
state) after 1, 50 and 250 plating / stripping process at j = 1.5 mA.cm-2 in 3.8 mol.kg-
1 of LiFSI in P111i4FSI
Element Assignment
Peak position (eV) 
Li surface after x cycles
x = 1 x = 50 x = 250
F (1s)
-SO2F 686.9 687.8 687.5
LiF 684.2 685.1 685.1, 684.7
O (1s) Li2CO3, LiOH, Li2O 531.6 532.2 531.9
N (1s) N- 399.9, 399.0 403.4, 399.5 400.4, 399.0
C (1s)
Chetero 287.6 289.9 289
Li2CO3 285.9 286.0 286.8, 287.4
Caliphatic 285 285 285
S (2p3/2)
-SO2F 168.7, 166.4 169.4, 167.2 167.7, 166.4
Li2S 163.8 164.1, 161.8 163.4, 161.1
S0 - 160.3 159.6
P (2p3/2) P+ 133.6 133.8 133.2
Li (1s)
Li2CO3, LiOH, Li2O 55.8 56 55.7
LiF 55.3 54.8 55.7
Li0 - - 54.4
Li 1s and F 1s spectra
Figure 92 presents the high resolution spectra of Li 1s and F 1s. The intensity of the 
Li 1s peaks is smaller than that of the prepared Li surface (Figure 89), which agrees 
with the observations from the SEM images presented earlier, that showed a more 
compact and robust SEI layer forming on the bulk Li surface during cycling. After the 
250 cycles the Li 1s spectra became broader and their amplitude slightly decreased. 
Given that the sampling depth of a photoelectron line is typically 5 to 10 nm,59 the SEI 
likely prevents ejection of photoelectrons from the underlying Li metal surface. The 
Li 1s peak envelops a broad domain where LiF and LiOH - Li2CO3 are known to reside 
at ca. 55 and 56 eV respectively.57
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The F 1s spectra also show a peak at ca. 685 eV in all cases and this peak validates the 
presence of LiF on the surface. The results suggest that a layer of LiF was present on 
all surfaces. When looking at the amount of LiF on the surfaces (65 % at 1 cycle, 81 
% at 50 cycles and 75 % at 250 cycles) the Li surfaces seem to quickly become 
dominated by LiF. A significant peak at ca. 688 eV was also detected on all surfaces 
corresponding to -SO2F.58 However, a quantitative comparison of the surfaces of 50 
and 250 cycles reveals a decrease in the abundance of the -SO2F group while the 
intensity of the LiF peak increased from 1 cycle onwards (nearly doubled from 1 to 
250 cycles). The same observations as a function of etching time were reported for Li 
surfaces cycled in ammonium-based ILs for smaller amounts of charge passed (0.25 
mA.cm-2 over 10 cycles).23
Figure 92 High-resolution Li 1s and F 1s photoelectron spectra for the plated Li 
surfaces in 3.8 mol.kg-1 of LiFSI in P111i4FSI
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C 1s and O 1s spectra
Figure 93 presents the high resolution C 1s and O 1s spectra. The spectra indicated the 
presence of species associated with C-C / C-H at ca. 285 eV. On the C 1s spectra, the 
appearance of a ‘shoulder’ at ca. 286 eV at 50 and 250 cycles can be attributed to 
lithium carbonate (CO32-)57-58 and Chetero at ca. 288-289 eV (e.g. C-P bond).33 The C 1s 
peak area is also becoming larger at 250 cycles. The overall C 1s peak shapes do not 
change for all samples, only the ratios vary.
The O 1s spectra show a broad peak at ca. 532.0 eV and this peak corresponds to Li2O
/ Li2CO3.14, 22-23, 57 This peak suggests the presence of Li2O and Li2CO3 species in the 
outermost layers of the SEI, these species were reported to be present in other SEI 
formed in IL electrolytes22-23 and carbonate electrolytes.8, 13 Minor peaks of unknown 
origin are also present at ca. 528 eV (less than 2 at. con. %).
Figure 93 High-resolution C 1s and O 1s photoelectron spectra for the plated Li 
surfaces in 3.8 mol.kg-1 of LiFSI in P111i4FSI
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N 1s, S 2p and P 2p spectra
Figure 94 presents the N 1s, S 2p and P 2p high resolution spectra. These elements 
were not present in the prepared film (or were in very small quantities, < 0.5 at. %). 
From their high-resolution spectra their presence is most likely a result of the 
interaction between the IL and the Li surface. The chemical species including the N 
and S elements that can be detected from these spectra are mainly attributed to the 
reaction of the FSI anion with the Li surface. 
The N 1s spectra show one broad peak that could overlap two distinct peaks attributed 
to the chemical environment of the element N if there is a cleavage of the anion with 
a main component at ca. 399.9 eV.22-23
The S 2p spectra become very complex after 50 and 250 cycles with broad signals that 
contain at least two components corresponding to spin-orbit doublets 2p1/2 and 2p3/2). 
Two to three signals are observed at 1 cycle, with a broad signal at ca. 166.4 eV that 
could contain two distinct peaks, whereas at least 5 components are observed at 50 and 
250 cycles. The most intense peak (broad shouldered peak) observed at ca. 168.7 eV 
after 1 cycle is attributed to –SO2F species and is most likely overlapping a doublet.22, 
58 After 50 and 250 cycles this peak becomes broader and slightly shifts to a new 
position at 169.4 eV after 50 cycles and 168.6 eV after 250 cycles. This peak is 
enveloping several components that could be oxidised sulphur species such as sulfone 
or sulphite and breakdown products from the FSI anion.22-23, 58 The FTIR spectra 
discussed in the previous section confirmed the presence of O2S-N-SO2 species on the 
surface. A number of smaller peaks from 167 to 160 eV are observed at 50 and 250 
cycles: a small component (at ca. 161.8 eV at 50 cycles and 161.1 eV at 250 cycles) 
appears in comparison to the S 2p spectrum at 1 cycle and this peak was assigned to 
lithium sulphide (Li2S) by Howlett et al.23 However this component is present in small 
amounts (ca. 7 at. %). 
Chapter 5
Investigation of Phosphonium Bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium 
batteries
190
The P 2p spectra present one broad peak (two components 2p1/2 and 2p3/2) at 133.6 eV 
at 1 cycle, 133.8 eV at 50 cycles and 133.2 eV at 250 cycles. This peak is attributed to 
the phosphonium cation33, 58 and does not shift after 1, 50 and 250 cycles. This is in 
agreement with the data obtained with FTIR spectroscopy. The FTIR spectra revealed 
the presence of –CH3 group (coming from the cation) on the surface after 1, 50 and 
250 cycles. This validates the hypothesis that the cation could be trapped within the 
SEI after several hundreds of cycles. 
The absence of a phosphate group (typically with a peak at ca. 132 – 133 eV),57-58 a
phosphonate group (peak at 133.6 eV)57-58 or a phosphonic acid group (peak at 134.3 
eV)57-58 on the surface, indicates that the formation of these types of species from the 
phosphonium cation does not occur during cycling. These results confirm that the 
chemical nature of the Li surfaces is very similar after 1, 50 and 250 cycles.
Figure 94 High-resolution N 1s, S 2p and P 2p photoelectron spectra for the plated Li 
surfaces in 3.8 mol.kg-1 of LiFSI in P111i4FSI
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EIS analysis of cycled Li surfaces: fitting
EIS is another technique that has been used to understand the SEI composition and 
structure.23, 28, 60-61 The Li surface impedance was monitored after 1, 10 and 50 plating 
/ stripping processes. The acquired impedance data were fitted with the equivalent 
electric circuits (EECs) presented in Chapter 2 (Table 12). The fitting results are 
presented in Table 25. Since constant phase elements (CPEs) gave better fitting results 
than ideal capacitances (C) as discussed below, the results using the EEC 1 are not 
reported. We attempted to fit acquired impedance data with two other models: the 
polymer electrolyte interphase (PEI) model developed by Thevenin and Muller62, the 
layer model originally proposed by Aurbach et al.63-65
Table 24 Equivalent electric circuits and associated equations
EEC Equivalent model Equivalent equation
2 ܴଵ +
ܳଶ
ܴଶ +
ܳଷ
ܴଷ
3 ܴଵ +
ܳଶ
ܴଶ +
ܳଷ
ܴଷ + ସܹ
4 ܴଵ +
ܳଶ
ܴଶ +
ܥଷ
(ܴଷ + ସܹ)
5 ܴଵ +
ܳଶ
ܴଶ + ܳଷܴଷ + ସܹ
6 ܴଵ +
ܳଶ
ܴଶ +
ܳଷ
ܴଷ +
ܳସ
ܴସ +
ܳହ
ܴହ+ ଺ܹ
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Table 25 Fitting models and results for a cycled Li | Li with 3.8 mol.kg-1 of LiFSI in 
P111i4FSI electrolyte
EEC
Before cycling
Ȥ2 Ȥ¥1
2 1.8 x 10-2 1.9 x 10-2
3 3.675 x 10-2 2.659 x 10-2
4 6.918 x 10-2 3.569 x 10-2
5 1.029 x 10-2 1.226 x 10-1
6 1.304 x 10-1 7.364 x 10-1
EEC
1 cycle 10 cycles 50 cycles
Ȥ2 Ȥ¥1 Ȥ2 Ȥ¥1 Ȥ2 Ȥ¥1
2 3.628 x 10-2 2.381 x 10-2 7.196 x 10-3 1.06 x 10-2 0.782 x 10-3 3.05 x 10-3
3 2.481 x 10-2 2.068 x 10-2 9.882 x 10-3 1.294 x 10-2 1.591 x 10-3 4.985 x 10-3
4 2.638 x 10-2 2.097 x 10-2 1.056 x 10-2 1.361 x 10-2 1.428 x 10-3 5.049 x 10-3
5 2.495 x 10-2 1.883 x 10-1 9.923 x 10-3 1.243 x 10-2 1.784 x 10-3 3.567 x 10-2
6 3.18 x 10-2 2.102 x 10-1 5.11 x 10-2 2.281 x 10-1 1.021 x 10-3 4.632 x 10-2
Along with the supporting information already provided by the MAS NMR, FTIR and 
XPS analysis, the EIS data can be incorporated to validate a model for the structure of 
the SEI. The best fits were obtained when using layer models with CPEs: the EEC 2 
(two-component layer model) gave the best fit of the impedance spectra before and 
after cycling. The addition of a Warburg diffusion component to the equivalent circuit 
(EEC 3) did not show any improvement as shown in Table 25. Figure 95 and Figure 
96 give an example of a fitted impedance spectrum obtained from a Li | Li symmetrical 
cell cycled in the highly concentrated P111i4FSI-based electrolyte after 1 plating / 
stripping process. 
The fitted spectra show that the error in the fits usually comes from the contribution of 
the high-frequency EIS data. This confirms that it is difficult to say that one model fits 
the data better than another. Therefore, precaution must be taken when interpreting the 
nature of the SEI structure from EIS alone. The ability to fit EIS data with a resistance 
/ capacitance (RC) type equivalent circuit suggests a multilayer structure, in other 
words several layers parallel to the electrode surface.66-67
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Constant phase elements (CPEs) are used to represent a “non-ideal” capacitance (Q) 
behaviour of the interface in opposition to an ideal capacitance (C). Their use can also 
suggest a complex interfacial composition with several conduction pathways.61 This 
explains why the use of R / Q elements is relevant to the modelisation of the SEI 
interface, suggesting the formation of films on an electrode (inner compact layers and 
outer diffuse layers).
The EIS spectra from a Li | Li symmetrical cell cycled in the highly concentrated 
P111i4FSI-based electrolyte at 1, 10 and 50 cycles (presented in Chapter 4) are very 
similar in shape so it is difficult to make any significant conclusion in terms of 
formation / dissolution of layers on the Li electrode between 1 and 50 cycles by 
analysing the EIS data alone. 
In summary the EIS analysis provides evidence suggesting the formation of at least
two layers in SEI on the Li surface after the 1st cycle according to the EEC used to get 
the best fit (EEC 2, two-component layer model).
Figure 95 Fitting results of EEC 2 (two-component model) for EIS data obtained 
from a Li | Li symmetrical cell cycled in the highly concentrated P111i4FSI-based 
electrolyte (after 1 plating / stripping process).
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Figure 96 Example of a fitted impedance spectrum obtained from a Li | Li 
symmetrical cell cycled in the highly concentrated P111i4FSI-based electrolyte (after 1 
plating / stripping process). The spectrum is fitted to a two-component equivalent 
circuit (EEC 2); the error of the fit is shown.
5.4 Discussion
Effect of Li salt content on the interfacial properties at Li metal electrodes
It was of particular interest to investigate the effect of the Li salt concentration in the 
IL electrolyte on the structure and chemical composition of the film formed on the Li 
surface. This section provides a comparison of the nature of the films formed in the 
highly concentrated (3.8 mol.kg-1 of LiFSI in P111i4FSI) and dilute (0.5 mol.kg-1 of 
LiFSI in P111i4FSI) IL electrolyte. FTIR, XPS and EIS were the techniques used to 
characterise the film formed in the dilute IL electrolyte on a Li surface for which 3 
mAh.cm-2 (j = 1.5 mA.cm-2) were applied over 50 plating / stripping cycles at 50 °C. 
FTIR analysis of the plated surface revealed the presence of –SO2 and –SN functional 
groups from the FSI- anion, as shown in Figure 97. The IR spectra of the stripped and 
plated Li surfaces were very similar with absorptions from the same functional groups 
detected.
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Similar to the results obtained with the highly concentrated IL electrolyte, the IR 
spectra show evidence that the CH3 group from the cation, the SO2 and SN groups 
from the anion are major functional groups present in the SEI.
Figure 97 FTIR spectra and (b) low-frequency portion FTIR spectra of SEI films of 
plated and stripped Li surface from P111i4FSI-based cells after 50 cycles at j = 1.5 
mA.cm-2 in 0.5 mol.kg-1 of LiFSI in P111i4)6,DWÛ&DIWHUULQVing with DMC. Peaks 
marked with X are due to DMC (rinsing agent) reaction residue and are not due to 
the SEI formed during cycling.
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XPS analysis of the plated Li surface is reported below. Figure 98 and Figure 99
present the high-resolution photoelectron spectra for F 1s, O 1s, C 1s, Li 1s and N 1s, 
S 2p and P 2p. XPS data and the peak assignments are presented in Table 26. Again 
the S 2p spectra were complex and contained at least six components (with two broad 
signals). Combining information from the different photoelectron lines, peaks 
attributed to the following species were detected: LiF (684.4, 685.9 eV on the F 1s 
spectra and 55.8, 56.9 eV on the Li 1s spectra), -SO2F (687.6 eV on the F 1s spectra, 
169.8 and 168.6 eV on the S 2p spectra), Li2CO3 (287.2 eV on the C 1s spectra, 531.5 
eV on the O 1s spectra, 55.1 eV on the Li 1s spectra), Li2O (531.5 eV on the O 1s 
spectra, 55.8 eV on the Li 1s spectra) and Li2S (163.9 and 161.2 eV on the S 2p 
spectra). In general, the chemical species detected on the Li surface cycled in the dilute 
IL electrolyte were very consistent with those detected in the case of the highly 
concentrated IL electrolyte.
Figure 98 High-resolution F 1s, O 1s, C 1s and Li 1s photoelectron spectra for the 
plated Li surface in 0.5 mol.kg-1 of LiFSI in P111i4FSI
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Figure 99 High-resolution N 1s, S 2p and P 2p hotoelectron spectra for the plated Li 
surface in 0.5 mol.kg-1 of LiFSI in P111i4FSI
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Table 26 Summary of XPS data and assignments for the lithium surface (plated state) 
after 50 plating / stripping processes at j = 1.5 mA.cm-2 in 0.5 mol.kg-1 of LiFSI in 
P111i4FSI
Element Assignment
Peak position (eV) 
Li surface after 50 cycles
F (1s)
-SO2F 687.6
LiF 685.9, 684.4
O (1s) Li2CO3, LiOH, Li2O 533.5, 531.5
N (1s) N- 400.9, 399.2
C (1s)
Chetero 289
Li2CO3 287.2, 285.7
Caliphatic 285
S (2p3/2)
-SO2F 169.8, 168.6, 166.1
Li2S 163.8, 161.2
S0 159.5
P (2p3/2) P+ 133.9
Li (1s)
Li2O, LiF 56.9, 55.8
Li2CO3, LiOH 55.1
Li0 53.7
When looking at a quantitative analysis of the high-resolution XPS spectra, the amount 
of the LiF component on the F 1s spectra is smaller in the case of the dilute vs. highly 
concentrated IL electrolyte (ca. 45 % vs. > 69 %). The same trend was observed for 
the Li2O component on the O 1s spectra (64 % vs. 79 %), for the Li2CO3 component 
on the C 1s spectra (48 % vs. 60 %), for the Li2S component on the S 2p spectra (ca. 
18 % vs. 22 %) and for the Li2CO3 components on the Li 1s spectra (ca. 38 % vs. 56
%). These observations suggest that the mechanism of SEI formation in the highly 
concentrated IL electrolyte leads to larger amounts of more reduced chemical species 
coming from reduction of the FSI- anion.
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The Li surface impedance was also monitored after 1, 10 and 50 plating / stripping 
processes in the dilute IL electrolyte. The acquired impedance data were fitted with 
the equivalent electric circuits (EECs) used earlier and the fitting results are presented 
in Table 27. The EEC 2 (two-element layer model) gave the best fit and the same EEC 
best fitted the impedance spectra in the case of the highly concentrated IL electrolyte. 
This again validates the formation of a layered structure on the Li surface in both 
electrolytes. As mentioned in Chapter 4 the overall cell resistance over cycling was 
lower in the case of the low Li salt concentration (consecutively 55 ȍ.cm-2 before 
cycling, 38 and 11 ȍ.cm-2 after 1 and 50 plating / stripping processes) in comparison 
with the high Li salt concentration (consecutively 50 ȍ.cm-2 before cycling, 40 and 23 
ȍ.cm-2 after 1 and 50 plating / stripping processes). In general EIS fitting analysis 
showed that in both cases (low and high Li salt concentration) a layered structure most 
likely represents the SEI formation at the Li metal electrode. These observations 
validate the formation of a thinner SEI with the dilute IL electrolyte in comparison to 
the highly concentrated IL electrolyte.
Table 27 Fitting models and results for a cycled Li | Li with 0.5 mol.kg-1 of LiFSI in 
P111i4FSI electrolyte
Circuit
1 cycle 10 cycles 50 cycles
Ȥ2 Ȥ¥1 Ȥ2 Ȥ¥1 Ȥ2 Ȥ¥1
2 4.121x 10-2 2.182 x 10-1 5.097 x 10-3 1.088 x 10-1 1.129 x 10-5 6.393 x 10-3
3 1.755x 10-2 1.838 x 10-1 8.47 x 10-3 1.418 x 10-1 0.841 x 10-3 5.08 x 10-2
4 8.087 x 10-2 2.883 x 10-1 2.787 x 10-2 2.654 x 10-1 0.699 x 10-3 4.634 x 10-2
5 7.635 x 10-2 2.786 x 10-1 8.537 x 10-3 1.862 x 10-1 0.886 x 10-3 5.216 x 10-2
6 8.563 x 10-2 3.074 x 10-1 1.674 x 10-2 2.469 x 10-1 0.374 x 10-3 3.392 x 10-2
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A proposed mechanism of SEI formation at the lithium metal electrode
The combination of SEM, MAS NMR, FTIR, XPS and EIS techniques has given a 
better understanding of SEI formation via chemical reactions of the P111i4FSI IL-based 
electrolytes at the Li metal interface. A generalised mechanism can be postulated for 
the structure of the SEI formed at the Li surface. The complimentary techniques used 
to obtain a detailed picture of the SEI were highly consistent in general. Based on MAS 
NMR, FTIR and XPS evidence the chemical nature of SEI components was revealed. 
Combined with EIS analysis, the model herein proposed indicates a layered structure 
formed after the first plating / stripping process. This model suggests the presence of:
x an inner layer dominated by LiF and Li2O, chemical species related to the FSI-
anion (e.g. Li2S) and anion related functional groups (-SO2F and -N-SO2)
x species related to the P+ cation most likely present in an outer layer close to the 
electrolyte interface.
A mechanism of SEI formation in the highly concentrated IL electrolyte is proposed 
in Figure 100. This is the model we have chosen based on our conclusions and it is 
important to note that it is not an established mechanism.
This thorough spectroscopic characterisation provided a better understanding of SEI 
formation and chemical composition as a function of Li salt concentration and cycle 
number dependence. In the case of the dilute IL electrolyte the spectroscopic study 
revealed evidence of a similar mechanism of SEI formation to that of the highly 
concentrated IL electrolyte. The main differences confirmed by SEM, XPS and EIS 
revealed the formation of a thinner SEI with nearly identical SEI components (same 
chemical nature) after the first plating / stripping process. Similarities in chemical 
composition of the plated and stripped Li electrodes in both low and high Li salt 
concentration cases were also found, suggesting a static behaviour of SEI formation. 
In the case of the highly concentrated IL electrolyte, by looking at differences in Li 
surfaces after 1, 50 and 250 plating / stripping processes, the study revealed the 
formation of a chemically stable SEI after the first cycle. SEI composition and 
thickness were found to be stable with increasing number of cycles. 
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Figure 100 Schematic representation of the SEI formed at the Li surface in the 
P111i4FSI based IL electrolyte
A structure of the SEI and mechanism of formation during cycling can be developed 
by combining the information extracted from the previous analysis (NMR, FTIR and 
XPS). The SEI seemed to be composed of an outer layer of the FSI- anion reduction 
products e.g., Li2S, Li2NSO2F as well as Li2O, LiOH, Li2CO3 and LiF. Products of this 
type (reduction products of TFSI/FSI – based electrolytes) have previously been 
proposed by Aurbach et al,8 Howlett et al.23 and Basile et al.22
In the literature several mechanisms of SEI formation by the FSI- anion reduction have 
been proposed. Basile et al.56 proposed a single electron reduction pathway leading to 
the formation of four anion species via the intermediate radical specie:
ܰ(ܱܵଶܨ)ଶି +  ݁ି ՜  ܰ(ܱܵଶܨ)ଶଶିή  ՜ ܱܵଶܱܰܵଶܨିή +  ܨି (20)
In this mechanism the FSI- anion is dissociated and forms a radical.
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A few years earlier Howlett et al.23 proposed a mechanism with cleavage of the S-N
bond in the TFSI- anion:
ܰ(ܱܵଶܥܨଷ)ଶି +  ݁ି ՜  ܰ(ܱܵଶܥܨଷ)ଶଶିή  ՜ ܱܰܵଶܥܨଷିή +  ܱܵଶܥܨଷି (21)
The authors also reported with XPS etching experiments the formation of an inner 
layer dominated by LiF on the Li surface 
Basile et al.56 reported that this pathway was more favourable in the FSI- system: one 
S-N bond becomes broken due to reduction of the sulphur atom and leads to the 
formation of two species,  ܱܰܵଶܨିή and ܱܵଶܨି. These two species can then be 
reduced to form ܱܵଶି ڄ and ܨି via the following equations:
ܱܰܵଶܨିή +  ݁ି ՜ ܱܰܵଶି + ܨି (22)
ܱܵଶܨିή + ݁ି ՜ ܱܵଶି ڄ + ܨି (23)
By combining the proposed mechanisms available in the literature and our analysis a 
mechanism of anion reduction can be proposed. The MAS NMR, FTIR and XPS 
analysis showed that these two species, ܱܵଶି ڄ and ܨି, are bound to the Li surface. The 
FTIR analysis also revealed the presence of Li-SNS bending vibrations, this implies 
the existence of fluoride free FSI- anions that can be formed via the following equation:
ܱܵଶܱܰܵଶܨିή +  ݁ି ՜ ܱଶܱܰܵଶି + ܨି (24)
Any of these pathways lead to the formation of species detected to be part of the SEI 
according to the spectroscopic characterisation. Analogous to the SEI components in 
the ammonium C3mpyrFSI system, the SEI layer formed at the Li metal in the P111i4FSI 
electrolytes is made of the FSI- anion breakdown products, including Li2S, LiSO2,
Li2NSO2F as well as Li2O, Li2CO3, LiF and possibly LiOH.
From the analysis and observations mentioned in this chapter the following 
conclusions can be postulated: 
(i) The SEI formed by chemical reaction of Li metal with P111i4FSI is 
composed of chemical compounds containing fluorine, oxygen and sulfur 
and are the products of the FSI- anion decomposition. The following 
compounds were identified: lithium fluoride (LiF), lithium oxide (Li2O), 
lithium sulfide (Li2S) and lithium carbonate (Li2CO3).
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(ii) These compounds form structural layers on the Li metal surface or are 
trapped within the Li surface.
(iii) We did not find clear evidence showing chemical reductions from the 
cation (in particular over the temperature range studied). If any reaction 
occurs, breakdown products from the cation could result from a pyrolysis 
reaction (via Hofmann elimination) and stay trapped within the SEI formed 
structure. Dissolution of these products into the electrolyte could also be 
considered. 
(iv) The reduction reaction of the FSI- anion is the critical step for SEI 
formation. The cleavage of the FSI- anion at its nitrogen center seems to 
happen almost instantly upon interaction with the lithium metal. This 
cleavage releases the –SO2F functional group that itself undergoes another 
reaction that releases fluoride anions F-. The F- ions react instantly with the 
Li surface to form a stable compound during cycling, LiF. After 1 cycle the 
compounds LiF and LiSO2F are already present on the Li surface. The 
formation of LiOH is possible via reaction between the Li metal with 
oxygen and hydrogen. The oxygen is available from the reduced specie 
ܱܰܵଶି and hydrogen can be available from the IL cation. The compounds 
LiF, LiOH and Li2S and anionic species become more abundant on the Li 
surface over cycling.
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5.3 Conclusions
The SEI formed in P111i4FSI-based electrolytes was characterised using MAS NMR, 
FTIR, XPS and EIS techniques. This study provides a first understanding of the 
composition and structure of the SEI formed in these electrolytes. The chemical nature
of the SEI formed on the Li metal surface was found to be similar in both electrolytes 
(low and high Li salt concentration). Similarities in chemical composition were 
observed between the SEI formed in the dilute IL electrolyte and the highly 
concentrated IL electrolyte during cycling. However the main differences were found 
to be the formation of a thicker SEI with larger amounts of reduced species from the 
anion in the case of the high Li salt concentration. This was consistent with the 
differences observed in the cycling properties and deposit morphologies exhibited in 
the previous chapter.
Herein we proposed one reduction pathway possible to describe the mechanism of 
LiFSI / IL mixture breakdown leading to SEI formation on Li metal in the highly 
concentrated IL electrolyte. With an increased Li salt concentration the reduction 
pathway leading to SEI formation seems to be altered in favour of a more strongly 
reduced layer. Equivalent circuit modeling using the EIS technique suggested a layered 
structure.
Native species present on the prepared Li surface appeared to persist in the SEI and to 
even dominate its composition during cycling. However, significant quantities of 
chemical species associated with the FSI- anion were formed on the surface film 
whereas the cation appeared to be inactive. Some evidence for trapping of the cation 
within the surface film structure along with anion reduction species was provided by 
FTIR and XPS measurements. The major components of the SEI composition after 
several hundreds of cycles were LiF and L2O (LiOH) and breakdown products from 
the FSI- anion including Li2S. As such, the SEI formed using P111i4FSI-based 
electrolyte exhibits a complex chemical composition which is however stable over 
several hundreds of cycles.
This chapter represents the first report on the characterisation of the SEI formed on a 
lithium metal surface in a small phosphonium FSI IL electrolyte with high lithium salt 
content.
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6.1 Introduction
The previous chapters described the cycling stability and rate capability of lithium 
metal electrodes in a phosphonium ionic liquid based electrolytes in Li | Li 
symmetrical cells, as well as the characterisation of the chemical nature of the film 
formed on the lithium metal electrode during cycling. Finally, this chapter focuses on 
the charge and discharge capability of a fast-charging cathode material in the highly 
concentrated IL electrolyte shown to perform exceptionally for efficient lithium metal 
cycling.
Room Temperature Ionic Liquids (RTILs) based on the bis(fluorosulfonyl)imide (FSI) 
anion have recently been of particular interest as alternative electrolytes for lithium 
rechargeable batteries due to their superior transport properties and safety assets in 
opposition to commonly used organic carbonate electrolytes.1, 2 However high cost and 
poor cycling performance related to poor transport properties (high viscosity, low ionic 
conductivity) has mainly prevented them from being used as electrolytes in 
commercial devices.
Novel FSI ionic liquids (ILs) based on a phosphonium cation have been reported with 
promising properties that make them candidates for alternative electrolytes.3-5 These 
features include improved transport properties and wide electrochemical window in 
comparison to more commonly studied ammonium-based ILs. 
One of the critical factors dictating the cycling performance of a lithium battery is the 
lithium salt concentration present in the electrolyte. As detailed in Chapter 3, an 
increase in salt concentration generally leads to an increase in viscosity and decrease 
in conductivity, but it also greatly increases the amount of lithium cation available in 
the electrolyte. Indeed highly concentrated electrolytes (> 1 M salt concentration in 
solvent) have only been studied in the last few years.4, 6, 7 In 2013, Yoon et al. reported 
for the first time the cycling performance at room temperature of a Li | LiCoO2 lithium 
cell with a solution of up to 3.2 mol.kg-1 of lithium salt into an IL electrolyte. The IL 
used was an ammonium-based IL, N-propyl-N-methylpyrrolidinium 
bis(fluorosulfonyl)imide (C3mpyrFSI). The cells with the highest salt content IL 
electrolyte showed better rate capability even at high C rate (3 C and 5 C) than that of 
a cell with an organic electrolyte.
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In Chapters 3 and 4 it was shown that the trimethyl(isobutyl)phosphonium 
bis(fluorosulfonyl)imide (P111i4FSI) IL was as an excellent candidate for a lithium 
battery electrolyte: this IL, available on a large scale production8, could dissolve up to 
3.8 mol.kg-1 of lithium bis(fluorosulfonyl)imide (LiFSI) salt. This investigation also 
demonstrated an excellent compatibility with the lithium metal electrode; this highly 
concentrated IL electrolyte was able to cycle a significantly high amount of charge (up 
to 6 mAh.cm-2) and a stable nanostructured uniform layer was formed on the lithium 
electrode surface, without any lithium dendrite formation. Therefore it seems relevant 
to evaluate the cycling performance of this highly concentrated IL electrolyte for a 
lithium battery incorporating a high voltage and fast charging cathode material, 
LiNiMnCoO2 (NMC).
Early work focused on the use of ammonium-based RTILs with conventional cathode 
materials such as LiCoO2 (LCO) and LiFePO4 (LFP) cathode materials. For example, 
Matsumoto et al. reported good performance of a piperidinium-based (C3mpipFSI) and 
pyrrolidinium-based (C3mpyrFSI) RTILs in a Li | LiCoO2 cell.9 They demonstrated 
that a cell using a C3mpyrFSI-based electrolyte had a capacity retention close to 100 
% after 100 cycles at 0.1C rate. Only in 2008 Tsunashima et al. showed the cycling 
performance of a phosphonium IL (P222(2O1)TFSI) with LCO and LiNi0.8 Co0.1Mn0.1O2
electrodes.10, 11 An initial discharge capacity of 147 mAh.g-1 and 96% capacity 
retention ratio after 30 cycles was reached with LiNi0.8 Co0.1Mn0.1O2 (against 140 
mAh.g-1 and 90 % capacity retention with LCO). Lower capacities and retention ratio 
were reported in the P2225TFSI IL.
Only a few studies reported the use of RTIL-based electrolytes in a Li | NMC cell, but 
none with a phosphonium-based IL. In 2012 Matsui et al. reported a reversible capacity 
of 163 mAh.g-1 with a mixture of EMIMFSI and LiTFSI as electrolyte.12 More recently 
a study conducted by Evans et al. showed that the addition of organic solvents (e.g. 
EC, EMC) to a pyrrolidinium FSI IL led to an oxidation and dissolution of aluminium 
at the NMC cathode.13 Chaudoy et al. also evaluated the use of NMC as a cathode in 
the same IL and the effect of Li salt concentration on the cell performance.14 The 
authors showed a discharge capacity of the NMC cathode of 161 mAh.g-1 at 25 °C 
under the 0.1 C discharge rate. Interestingly, this study revealed that an increase of Li 
salt concentration (from 0.6 to 1 mol.L-1) improved the discharge capacity at high 
discharge rate (1 C rate) while a slight decrease is observed at lower rate (0.1 C rate).
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The cycling performance of NMC in a phosphonium FSI IL has recently been reported 
by Hilder et al.15 The IL triethyl cyanopropyl phosphonium bis(fluorosulfonyl)imide 
(PCNFSI) was revealed to be a promising candidate to prepare battery prototypes based 
on NMC as a cathode material and lithium metal as the anode. The paper showed that 
the performance of a Li | NMC cell with 1 M LiFSI in PCNFSI matches that of a 
commercial standard electrolyte, producing high discharge capacities (140 mAh.g-1)
and efficiencies of > 98 % at 0.1 C and 0.2 C rates.
In this chapter, we describe the effect of lithium salt concentration on the lithium 
transference number in P111i4FSI electrolytes. We also report the effect of a highly 
concentrated P111i4FSI electrolyte (3.8 mol.kg-1 of LiFSI in P111i4FSI) on the charge-
discharge property of the lithium metal battery cells using lithium metal and 
LiNiMnCoO2 (NMC) electrodes. The rate capability (from 0.2 C to 4 C rates) and cell 
performance at 1C at room temperature and elevated temperature (50°C) is also 
discussed. The results are compared to those obtained for cells with a standard organic 
commercial electrolyte (1M LiPF6 in EC:DMC 1/1 vol/vol).
6.2 Experimental methods
Electrolytes were prepared as described in Chapter 2. A lithium hexafluorophosphate 
(LiPF6, 1M) - ethylene carbonate (EC) - dimethylcarbonate (DMC) (1:1 v/v) 
electrolyte was the conventional organic electrolyte (Solvionic, 99.9 %) used for 
comparison.
6.2.1 Lithium transference numbers
Chronoamperometry was used to determine the Li+ transference number for each 
electrolyte using a lithium symmetrical cell setup (CR2032 type) and a Multi 
Potentiostat VMP3 (Bio-Logic Science Instruments) according to the method 
developed by Evans, Bruce, and Vincent.16, 17 The cells were polarised at 25 °C with a 
constant voltage of 20 mV for 4 hours and the currents were measured during the 
polarisation. 
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EIS spectra were measured before and after the polarisation using a perturbation
amplitude of 1mV (0.1 MHz to 50 mHz). A 24-hour resting period was allowed 
between each measurement. The EIS spectra were fitted with the option Z-Fit from the 
EC-Lab software (v. 10.44).
6.2.2 Lithium battery tests
The lithium secondary batteries used for the charge-discharge tests were fabricated 
using coin cells (type CR2032). The fabrication was carried out in an argon-
atmosphere glove box ([H2O] < 1ppm and [O2] < 1ppm). A paste mixture containing 
LiNiMnCoO2, also called NMC (L&F Material), conductive carbon black (C65 C-
Nergy super, Timcal) and poly(vinylidene fluoride) (PVDF, M.W = 3 x 105, Targray)
as a binder was prepared with the following weight ratio 80:10:10 to fabricate the 
cathode film. N-methylpyrrolidinone (NMP, Sigma Aldrich, 97 %) was used as a
dispersant for the formulation. The paste mixture was spread onto an Al current 
collector (battery use, Hohsen). The casted film was left to dry in a fume cupboard at 
ambient temperature overnight before being placed inside an oven at 100 °C to ensure 
the evaporation of the NMP solvent. The content of the active material was ca. 1.5 
mg.cm-2/LIRLOPPGLDPHWHUȝPWKLFNQHVV6LJPD$OGULFK, 99.9 %) was used 
DVDQRGHPDWHULDO7KHSRO\SURS\OHQHVKHHWV 33ȝPWKLFN&HOJDUG ,QF, 3501)
were employed as separators. The charge-discharge tests of the Li cells were 
conducted using a charge-discharge system (Neware battery testing system V5.3) at 
4.2 - 2.75 V of cut-off voltages with 0.5 C, 1 C, 2 C and 4 C current rates at 25 °C. 
The cells were respectively charged and discharged by constant current (CC) modes.
6.2.3 Immersion tests
PVDF membranes were prepared using the same PVDF material mentioned in the 
previous paragraph (3000 psi, 1 hour). The samples were pressed into pellets (1.8 mm 
thick and 13 mm in diameter) using a KBr die (13 mm diameter) in a hydraulic press 
at 3000 psi for one hour).
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6.2.4 SEM
Prior to analysis the NMC electrodes were rinsed with N-methylpyrrolidinone (NMP, 
Sigma Aldrich) two times and then dried under vacuum in the chamber of the glove 
box for 30 min. The electrodes were rinsed to remove residual NMC material and to 
be able to image the Al foil underneath it. SEM images of the electrode surfaces were 
obtained with a Desktop JEOL JCM 5000 microscope at an accelerated voltage of 5 
kV. To avoid electrode contamination or side reactions of the Li electrodes with 
atmospheric moisture and oxygen, the samples were transferred from the glove box to 
the SEM in sealed vessels which were filled with Ar gas.
6.2.5 ATR-FTIR
Surfaces were analysed by FTIR spectroscopy as previously described in Chapter 2.
Chapter 6
Investigation of Phosphonium Bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium 
batteries
216
6.3 Results and Discussion
6.3.1 Lithium transference numbers
The Li+ transference number is defined by the fraction of current transported by the 
Li+ cation within the electrolyte in a Li cell, making it a critical parameter for lithium 
batteries.18, 19 The Hittorf method is the traditional method used to determine a 
transference number.20 This method consists of applying a constant current, and the 
resulting voltage is monitored with time. This allows a comparison between the 
effective charge carried and the applied charge. However this method is limited to 
electrolytes that are composed of single ionic species. In the case of electrolytes 
containing multiple ionic species or in the case of the formation of a growing 
passivating film on the electrode, this method cannot be used. When a symmetric cell 
is polarized, all positive ions (in our case the Li+ and P111i4+ cations) move in the 
direction of the negatively polarised electrode, while negative ions (FSI-) move 
towards the positively polarised electrode. A steady state is then reached after a certain 
time when only the Li+ cation moves towards the negatively polarised electrode. By 
measuring the current initially and at the steady state regime, the fraction of charge 
carried by the Li+ cation can be determined.  This is how, by taking into consideration 
the growing passivation layer at the electrode and the concentration gradient, Evans, 
Bruce and Vincent demonstrated that the Li+ transference number in a polymer 
electrolyte using a symmetric cell setup can be calculated as:17, 20
ݐ௅௜ା = ூೞ(୼௏ିூబோబ)ூబ୼௏ିூೞோೞ) (25)
where t(Li+LVWKHOLWKLXPWUDQVIHUHQFHQXPEHUǻ9LVWKHSRWHQWLDODSSOLHGDFURVVWKH
cell, I0 and IS are the initial and steady state currents during polarisation, and R0 and 
RS are the initial and steady state resistances of the passivation layers. Other groups21, 
22 have shown that this equation could be used for ionic liquid electrolytes by applying 
a constant voltage, measuring the initial and steady state currents and the resistance of 
the electrode surface before and after polarisation. This approach is also justified by 
the stability of the IL electrolyte towards the Li metal electrode, the change in 
impedance of the bulk electrolyte before and after polarisation being negligible.
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However in the case of the solution of 0.5 mol.kg-1 of LiFSI in P111i4FSI, this method 
could not be applied due to an increase of impedance after polarisation, in this case the 
equation is not valid anymore, further highlighting the relative instability of the lithium 
electrode in the lower concentration system, as shown in Chapter 4. The resistances of 
the Li metal electrode surface before and after polarisation was determined with the 
following equivalent circuit proposed by Zugmann et al. (as shown in Figure 101).18
Figure 101 Equivalent circuit used to determine electrode resistances
To experimentally determine the initial and steady state currents (I0 and IS
respectively), any cell which showed an increase in current after 4h and did not reach 
a steady state or showed a short circuit was eliminated. For the remaining cells and for 
each electrolyte concentration the average values were reported. The cells were
polarised at 20 mV for 4 hours (3 times) to confirm consistency of the data acquired. 
It should also be noted that the changes in Li surface impedance were not significant 
after polarisation.
Figure 102 gives an example of the polarisation profile of a symmetrical cell 
containing 3.8 mol.kg-1 LiFSI in P111i4FSI for 4 hours. Even though the cells seem to 
reach a steady state current within several minutes, the polarisation was maintained for 
4 hours to obtain consistent results as previously reported with polymer (e.g. PEO) or 
plastic crystal electrolytes, which required several hours to reach a steady state 
current.20 After 30 min of polarisation, an increase in current was observed after the 
cell had reached an apparent steady state (Figure 102a). This is interpreted as a 
fingerprint of a reaction of the IL electrolyte on the lithium surface during polarisation
(this should cause decomposition products to form and reduce the current) or an 
increasing Li surface area. However this effect became less pronounced as more 
lithium salt was present in the electrolyte.
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Figure 102 Polarisation profile of a Li | Li symmetrical cell containing 3.8 mol.kg-1
LiFSI in P111i4)6,DVHOHFWURO\WHDQGUHDFKLQJDVWHDG\VWDWHFXUUHQWǻ9 P9ǻW
= 4 h) at 25 °C. The insert is an expanded view of the polarisation profile over the 
first 20 minutes. 
Figure 103 (a) is an example of a Nyquist plot of a Li symmetric cell containing 3.8 
mol.kg-1 Li salt in the IL electrolyte, while Figure 104 shows the EIS of a cell 
containing (a) 1.0 mol.kg-1 Li salt in the IL and (b) the organic carbonate solvent (1M 
LiPF6-EC-DMC). With increasing salt concentration, the electrolyte resistance (Re)
increases from 10 –ȍEHIRUHDQGDIWHUVWeady state respectively) in 1.0 mol.kg-1
compared with 48 – ȍLQPRONJ-1, while the Li surface resistance (R1 + R2)
GHFUHDVHVIURPDSSUR[LPDWHO\WRȍLQPRONJ-1 DQGIURPWRȍLQ
3.8 mol.kg-1. This implies that the resistance of the IL native film formed on the lithium 
electrodes depends on the Li salt concentration. Interestingly in spite of an increase in 
Li+ concentration (increase in viscosity) the surface impedance is still reduced after 
polarising the Li electrode in the highly concentrated IL electrolyte (as has already 
been discussed in detail in chapter 4). This suggests the formation of a stable IL native 
film characterised by a low resistance. In opposition to the IL electrolyte, the Li surface 
in contact with the organic carbonate electrolyte is characterised by a higher resistance 
(before and after polarisation), as shown in Figure 104 (b), suggesting a more resistive 
passivating layer formed on the Li surface.
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Figure 103 (a) Nyquist plot of the cell before and after polarisation (0.1 MHz to 50 
mHz); (b) Nyquist plot of the cell taken before polarisation, fitted to equivalent 
circuit shown in 
Figure 101.
Figure 104 Nyquist plots of a Li | Li symmetrical cell containing (a) 1.0 mol.kg-1
LiFSI in P111i4FSI; (b) 1 M LiPF6-EC-DMC as electrolyte before and after 
polarisation.
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The calculated transference numbers for different salt concentrations (including error 
bars) are shown in Figure 105 and are reported in Table 28, along with conductivities 
and viscosities, of the electrolytes at 25 °C. The transference numbers vary from 0.28 
to 0.46 as the LiFSI concentration changes. These values show that an increase in salt 
concentration increases transference number. The same trend was previously reported 
by Yoon et al. in their N-methyl-N-propylpyrrolidinium FSI and LiFSI systems.7
However for an equivalent electrolyte molar composition, the transference numbers 
reported here are much higher (0.40 for 3.2 mol.kg-1 LiFSI in P111i4FSI vs. 0.18 for 3.2 
mol.kg-1 LiFSI in C3mpyrFSI) but are still lower than the 0.65 value reported by Han 
et al. for an ammonium FSI IL (equimolar mixture of LiFSI and N23(1O2)FSI).23
Fernicola et al. also reported a value of 0.4 for a TFSI-based system.22 It should be 
noted that only Yoon et al. reported transference numbers in the case of highest Li salt 
concentration whereas Martins et al.5 recently reported a high transference number 
(0.54) in a phosphonium IL electrolyte (P222(201)TFSI + 1 M LiTFSI) at a lower Li salt 
content; most electrolyte research has been conducted in the range of 0.5 to 1.0 mol.kg-
1 of added Li salt concentrations. However the authors used a recently adopted method 
and there are likely still some inconsistencies in how the method is applied and in the 
results obtained.
Figure 105 Li+ transference number for different LiFSI concentrations in P111i4FSI, 
including average values and standard deviations.
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Table 28 Ionic conductivity, viscosity and lithium transference number of various 
electrolytes at 25 °Ca
Electrolyte ıP6FP-1 (± 0.1) ȘP3DV t(Li+)
1 M LiPF6-EC-DMC 10.724 5.1 (< 10)24 0.26 ± 0.07
Neat P111i4FSI 7.3 41 -
0.5 mol.kg-1 LiFSI in P111i4FSI 4.4 55 -
1.0 mol.kg-1 LiFSI in P111i4FSI 3.3 79 0.28 ± 0.05
2.0 mol.kg-1 LiFSI in P111i4FSI 1.9 163 0.30 ± 0.06
3.2 mol.kg-1 LiFSI in P111i4FSI 0.9 323 0.40 ± 0.01
3.8 mol.kg-1 LiFSI in P111i4FSIb 0.84 5714 0.46 ± 0.04
aıFRQGXFWLYLW\DW&ȘG\QDPLFYLVFRVLW\DW&W/L+): lithium transference 
number at 25 °C.
bLiFSI: P111i4FSI = 1.2: 1.0 (mol/mol)
6.3.2 Rate capability of Li battery cells
A promising, known, high voltage cathode material was used in this study: the NMC 
material (LiNiMnCoO2) with a particularly high Ni content (47 %).25 Herein the rate 
capability for lithium cells containing the 1M LiPF6-EC-DMC electrolyte (Figure 106
(a)) and the highly concentrated P111i4FSI electrolyte (Figure 106 (b)) is compared. The 
cells were subsequently charged and discharged ten times at 4 increasing C-rates: 0.2 
C, 1 C, 2 C, 4 C then 0.2 C. The evolution of the charge and discharge capacity as a 
function of cycle number at different discharge rates at 25 °C is shown in Figure 106.
The performance of the highly concentrated IL electrolyte was superior to that of the 
organic carbonate electrolyte at moderate discharge rates (i.e. 0.2 C), maintaining a 
higher charge/discharge capacity. It should be noted that these capacity values were 
reversibly maintained after increasing the discharge rate up to 4C and decreasing it 
again down to 0.2 C, as shown in Figure 106 (b). Both the standard carbonate 
electrolyte and the concentrated ionic liquid electrolyte exhibited a comparable 
discharge capacity at faster rates from 1 C to 2 C. Indeed, even though the 1M LiPF6-
EC-DMC standard electrolyte has more appropriate transport properties (i.e. higher 
ionic conductivity and lower viscosity) for rapid charge/discharge, the concentrated 
phosphonium IL system exhibited comparable discharge capacities. 
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However, by increasing the discharge rate up to 4 C, a more significant decrease in 
specific capacity was observed with the highly concentrated IL electrolyte compared 
with the more fluid organic electrolyte. Notably, the subsequent 0.2 C 
charge/discharge experiment showed that the high capacities are maintained with both 
electrolytes. This highlights the stability of the ionic liquid electrolyte of interest in 
this work.
Figure 106 Dependence of cycle number on the charge-discharge capacity at 25 °C at 
different C-rates (0.2 C, 1 C, 2 C and 4 C) for Li | NMC cells containing (a) 1M 
LiPF6-EC-DMC (LP30) and (b) solution of 3.8 mol.kg-1 of LiFSI in P111i4FSI 
electrolytes.
Chapter 6
Investigation of Phosphonium Bis(fluorosulfonyl)imide-based ionic liquid electrolytes for lithium 
batteries
223
6.3.3 Longer term cycling behaviour of Li battery cells at 25 °C 
In this set of experiments, the cycling performance of Li | NMC cells containing the 
two electrolytes (1M LiPF6-EC-DMC and solution of 3.8 mol.kg-1 of LiFSI in 
P111i4FSI) were investigated at 25 °C. Figure 107 presents the charge-discharge curves 
of lithium battery cells containing the highly concentrated P111i4FSI IL electrolyte 
which can be compared with cells containing the LiPF6-EC-DMC electrolyte in Figure 
108. The charge-discharge capacity and coulombic efficiency as a function of cycle 
number are also presented. The cells exhibit typical charge-discharge behaviour, 
however, the capacities obtained with the phosphonium electrolyte over long-term 
(200 cycles) are significantly more stable than those for the LiPF6-EC-DMC 
electrolyte. As shown in Figure 107 (a), the cell containing the phosphonium P111i4FSI 
electrolyte with high Li salt content indicated sufficiently high discharge capacities 
(e.g. 176 mAh.g-1 at the first cycle) with an average capacity retention of 90 % after 
100 cycles. The coulombic efficiencies also approached 100 % (ca. 98-99 %) after the 
third cycle and are maintained above 95 % after 200 cycles. This is significantly 
superior to the overall cycling performance of the cell containing the highly fluid 
LiPF6-EC-DMC electrolyte (Figure 108), showing that the highly concentrated 
P111i4FSI leads to an improvement of cycling efficiency and capacity retention for this 
NMC cathode at the rate of 1C used here.
Indeed, in the case of a cell containing the organic carbonate electrolyte, the discharge 
capacity obtained over 200 cycles is lower (e.g. 135 mAh.g-1 at the first cycle), even 
though the coulombic efficiencies are close to 99-100 %; the capacity retention also 
drops more significantly after 100 cycles (70 % after 200 cycles) whereas the cell with 
the phosphonium electrolyte still retains a capacity retention > 76 % after 200 cycles. 
Therefore favourable charge-discharge performance was observed despite the fact that 
the transport property of the P111i4FSI electrolyte (containing 3.8 m LiFSI) is lower 
than that of the LiPF6-EC-DMC electrolyte (Table 14). Thus it is clear that, even with 
its higher viscosity and lower conductivity, the cells with P111i4FSI + 3.8 m LiFSI 
electrolyte exhibit a superior discharge capacity at 1C rate compared with the standard 
electrolyte solution.
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Figure 107 (a) Dependence of cycle number on the charge-discharge capacity for Li | 
NMC cells at 25 °C at 1 C (CC mode, 1h, 0.25 mA.cm-2) of charge and discharge 
current rate containing 3.8 mol.kg-1 of LiFSI in P111i4FSI electrolyte; (b) Charge-
discharge curves of the cells.
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Figure 108 (a) Dependence of cycle number on the charge-discharge capacity for Li | 
NMC cells at 25 °C at 1 C (CC mode, 1h, 0.25 mA.cm-2) of charge and discharge 
current rate containing LiPF6 (1M)-EC-DMC electrolyte; (b) Charge-discharge 
curves of the cells.
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The results given in Figure 107 and Figure 108 strongly suggest that the high Li salt 
concentration in the phosphonium IL electrolyte might help form a stable and uniform 
conductive passivating film (SEI-like film) on the NMC cathode surface to prevent 
further decomposition of the electrolyte. The specific effect of this phosphonium salt 
with high Li salt content on the cell performance requires further investigation. Further 
investigation of both anode and cathode surfaces should be required to obtain clear 
information on the effect of the electrolyte on the NMC cathode.
Here the results show an improving effect of phosphonium RTILs with high Li salt 
content on the charge-discharge performance. Stable and effective cycling was 
demonstrated at practical C-rates (1 C) with large capacities (> 130 mAh.g-1) being 
transferred with each cycle.
6.3.4 Li battery cells performance at elevated temperature (50 °C)
This set of experiments describes the cycling performance of Li | NMC cells containing 
the two electrolytes (1M LiPF6-EC-DMC and solution of 3.8 mol.kg-1 of LiFSI in 
P111i4FSI) at 50 °C. At 25 °C the phosphonium IL electrolyte showed remarkable 
cycling stability and did not show any decomposition. At 50 °C, the organic electrolyte 
(1M LiPF6-EC-DMC) demonstrated different initial discharge capacity as the 3.8 
mol.kg-1 of LiFSI in P111i4FSI (142 vs. 128 mAh.g-1 at 1 C). Unexpectedly, for both 
electrolytes the capacity continuously faded at 1 C and 4 C, as illustrated in Figure 
109. During the first 10 cycles the capacity loss was ~ 1 mAh.g-1 per cycle in the case 
of 1M LiPF6-EC-DMC and ~ 1.5 mAh.g-1 per cycle in the case of 3.8 mol.kg-1 of LiFSI 
in P111i4FSI. The capacity of cells containing P111i4FSI initially showed a sharp drop in 
capacity in the first 10 cycles at 1 C followed by a slower decrease in capacity of ~ 1
mAh.g-1 per cycle up to 30 cycles and ~ 0.6-0.3 mAh.g-1 per cycle up to 100 cycles, as 
shown in Figure 110 and Figure 109. Similar trends were recently reported in the case 
of LTO | NMC cells with ammonium-based ILs (C4mimTFSI and C4mpyrTFSI with 1 
M LiTFSI).26
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Figure 109 Dependence of cycle number on the discharge capacity for Li | NMC 
cells at 50 °C at 1 C and 4 C (CC mode, 1 h, 0.25 mA.cm-2 and 15 min, 0.98 mA.cm-
2) of discharge current rates containing 1M LiPF6-EC-DMC and 3.8 mol.kg-1 of 
LiFSI in P111i4FSI electrolytes
Figure 110 (a) Dependence of cycle number on the charge-discharge capacity and 
coulombic efficiency for Li | NMC cells at 50 °C at 1 C (CC mode, 1h, 0.25 mA.cm-
2) of charge and discharge current rate containing 3.8 mol.kg-1 of LiFSI in P111i4FSI 
electrolyte; (b) Charge-discharge curves of the cells
The following graphs in Figure 111 are expanded views of voltage - time profiles of 
Li | NMC cells at 50 °C at (a) 1 C (CC mode, 1 h, 0.25 mA.cm-2) and (b) 4 C (CC 
mode, 15 min, 0.98 mA.cm-2) of charge - discharge current rates containing 3.8 mol.kg-
1 of LiFSI in P111i4FSI electrolyte.
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Figure 111 Voltage – time profiles of Li | NMC cells at 50 °C at (a) 0.2 C (CC mode, 
5 h, 0.025 mA.cm-2); (b) 1 C (CC mode, 1 h, 0.25 mA.cm-2) and (c) 4 C (CC mode, 
15 min, 0.98 mA.cm-2) of charge - discharge current rates containing 3.8 mol.kg-1 of 
LiFSI in P111i4FSI electrolyte
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Further characterisation was carried out to understand the failure mechanism of Li | 
NMC cells containing 3.8 mol.kg-1 of LiFSI in P111i4FSI electrolyte at 50 °C using 
immersion tests, SEM and ATR-FTIR spectroscopy as discussed below.
A pristine NMC composite electrode was completely immersed in the highly 
concentrated IL electrolyte (3.8 mol.kg-1 LiFSI in P111i4FSI) at 25 °C for 24 hours and 
then placed inside an oven at 50 °C for one week. No dissolution of the NMC material 
into the IL electrolyte could be observed at any point. Further immersion tests were 
completed to assess any dissolution of the binder PVDF into the IL electrolyte at 50 
°C. PVDF membranes were immersed into the highly concentrated IL electrolyte and 
the organic carbonate electrolyte at 50 °C for one week. Whenever it was possible the 
diameter, thickness and mass of the PVDF membranes were measured before and after 
immersion. In the case of the organic carbonate electrolyte a fast dissolution of PVDF 
membranes was observed along with the formation of a gel. This PVDF-based gel 
swollen with the organic electrolyte would form an effective coating on the NMC 
electrode allowing conduction and repeated charge and discharge at 50 °C. In the case 
of the highly concentrated IL electrolyte an increase in diameter and thickness of 
PVDF membranes were measured before and after immersion (from 12.75 to 13 ±
0.025 mm for the diameter and from 0.67 to 0.96 ± 0.04 mm for the thickness). 
However, the results do not suggest any obvious dissolution of the PVDF in the IL 
electrolyte. At this stage the role of the PVDF binder in the failure mechanism remains 
unclear.
The FTIR spectra of a PVDF membrane is presented in Figure 112; the FTIR spectra
(including the low frequency region) of the highly concentrated IL electrolyte and a 
mixture of PVDF and IL electrolyte are presented in Figure 113. Peak assignments are 
given in Table 29. The FTIR spectroscopic analysis does not suggest any chemical 
reaction between PVDF and the IL electrolyte.
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Figure 112 FTIR spectrum of PVDF
Figure 113 (a) FTIR spectra and (b) low-frequency portion FTIR spectra of a 
solution of 3.8 mol.kg-1 of LiFSI in P111i4FSI and mixture of PVDF and 3.8 mol.kg-1
of LiFSI in P111i4FSI. The mixed solution was stored for one week at 50Û&
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Table 29 Assignment for the FTIR spectrum data of PVDF, mixture of PVDF and 
solution of 3.8 mol.kg-1 LiFSI P111i4FSI (ȞVWUHWFKLQJįEHQGLQJ ȦZDJJLQJĲ
WZLVWLQJȡURFNLQJVVWURQJPPHGLXPZZHDN)
Assignment
Peak position (cm-1)
References
PVDF
PVDF + 3.8 mol.kg-1
LiFSI P111i4FSI
Ȟa(CH2) 3025 (w) 27, 28
Ȟs(CH2) 2984 (w) 27, 28
Ȟ&+2) - 3009 27-29
Ȟ&+2) 2973 27-30
Ȟ&+2) 2931 27-29
Ȟa(SO2) - 1358 27, 29, 31
Ȧ&+2) 1404 (w) 27, 28
Ȟa(CF2) 1213 (s) 27, 28, 32
Ȟs(CF2) 1185 (s) 27, 28, 32
Ȟa(C-C) 1069 (s) 27, 28
Ȟ622-N-SO2) -
1169
1115
29-31
Ȟa(SNS) and Ȟ(SF) - 844 6, 27, 31
ĲCH2) 976 (w) 1308 27, 28
Ȟa(C-C) 875 (s) 27, 28
ȡCH2) 842 (w) 27, 28
Ȧ&)2) 765 (m) 27, 32
SEM images of the aluminium foil underneath the NMC coating were acquired and 
are shown in Figure 114. The images do not shown any sign of pits related to corrosion 
of the aluminium. Figure 115 shows SEM images of the NMC coating and once again 
no major differences in surface features could be observed between cycling at 25°C 
and 50°C.
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Figure 114 SEM images (EHT = 5.00 kV) of (a) pristine Al foil; (b) Al foil under 
NMC coating after cycling at 1C at 25°C and (c) Al foil under NMC coating after 
cycling at 1C at 50°C
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Figure 115 SEM images (EHT = 5.00 kV) of (a) pristine NMC electrode; (b) NMC 
electrode after cycling at 1C at 25°C and (c) NMC electrode after 
cycling at 1C at 50°C
From the previous analysis the following conclusions can be made: a plasticisation and 
swelling of PVDF in the highly concentrated IL electrolyte (e.g. modification of 
mechanical properties of PVDF) could explain the low capacity obtained and failure 
of the Li | NMC cells cycled at 1 C at 50 °C. No apparent chemical reaction seems to 
explain battery failure at this temperature compared with 25°C cycling. Further 
investigation of the failure mechanism associated with either NMC or Li metal 
electrodes at 50 °C is required to understand the capacity fade mechanism.
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6.4 Conclusions
In this chapter the battery performance of lithium cells containing the phosphonium 
RTIL (P111i4FSI) electrolytes has been presented as a demonstration of potential of  this 
phosphonium RTILs with high lithium salt content as a suitable electrolyte for high 
voltage NMC cathodes,  as shown by the charge-discharge cycling performance, 
especially at room temperature.
One of the characteristic features of the phosphonium IL electrolyte with high lithium 
salt content is the higher lithium transference number, higher than the 1 M LiPF6-EC-
DMC electrolyte, in spite of a lower conductivity and higher viscosity. The latter 
properties are usually desired for high performance Li cells, however, here we show 
that even though the high concentration ionic liquid electrolyte is more viscous and 
has lower ionic conductivity compared to the traditional organic electrolytes, it still 
leads to better performance in many cases. For example it was shown that the charge-
discharge cyclability of the cells containing the highly concentrated IL electrolyte was
superior to that of the 1 M LiPF6-EC-DMC electrolyte at 1 C rate at 25 °C (initial 
discharge capacity of 176 mAh.g-1 vs. 135 mAh.g-1 respectively). In this context, it is 
possible that these concentrated phosphonium IL electrolytes can be regarded as 
effective candidates for lithium rechargeable batteries to improve their charge-
discharge cycling performance. However, the unexpected poorer performance and 
failure of the cells at 50 °C is still unclear.  The possibility of alternative, more IL 
compatible binders and optimisation of the cathode formulation is required to further 
the application of these electrolytes in advanced Li-metal based batteries.
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Chapter 7 Summary and Future Work
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This chapter summarises the work presented in this thesis and comments on the issues 
related to the use of ionic liquid based electrolytes for lithium battery applications as 
well as suggestions for any future research relevant to this project.
7.1 Summary
This thesis examined a room temperature ionic liquid (RTIL) based on a phosphonium 
cation (P111i4+) and the FSI- anion. This IL was chosen for its attractive 
physicochemical and electrochemical properties: high ionic conductivity, low dynamic 
viscosity, high lithium salt solubility and wide electrochemical stability.
Solutions of LiFSI in P111i4FSI were investigated as a function of LiFSI salt 
concentration. In spite of higher viscosity and lower ionic conductivity, the solutions 
with highest Li salt concentration (3.8 mol.kg-1 LiFSI in P111i4FSI, or 1:1.2 molar ratio 
IL:Li) exhibited unusual transport behaviour suggesting changes in Li+ solvation at 
these concentrations and enhancing the lithium deposition / dissolution efficiency: 
they showed a more ideal behaviour in a Walden plot, greater ionic dissociation and 
superior Li+ diffusivities compared to those of the other ionic species present. These 
observations confirm that the mechanism of Li+ transport in a phosphonium RTIL is 
strongly influenced by the Li salt concentration. Similar results were obtained in the 
case of a different phosphonium IL based on a mixture of four phosphonium cations 
and the same anion (FSI-) with similar physical properties.
Outstanding rate and cycling stability of lithium metal electrodes were achieved in the 
highly concentrated IL electrolytes. Significant amounts of charge, up to 6 mAh.cm-2
were plated / stripped at 25 and 50°C. Remarkable current densities (up to 12 mA.cm-
2) were successfully applied to Li | Li symmetrical cells with 3.8 m LiFSI / P111i4FSI. 
“Rate capability” achieved exceeded that of cells with lower LiFSI content (0.5 m 
LiFSI / P111i4FSI) and a conventional electrolyte (1 M LiPF6 / EC + DMC) probably 
owing to the low resistance at the electrode / electrolyte interface revealed by EIS 
measurements. SEM imaging revealed the formation of a stable and compact deposit 
on the lithium surface enhanced by the presence of high Li+ content.
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The nature of the film formed on the lithium surface was characterised using several 
spectroscopic techniques. Spectroscopic measurements including MAS NMR, FTIR 
and XPS showed a chemical stability of the film deposited on the lithium surface over 
several hundreds of cycles (up to 250 cycles). A study of the chemical composition of 
the film revealed the major presence of the following species including LiF, LiOH, 
Li2O, Li2CO3, Li2S and possibly other anionic species. An increase of Li+ content in 
the IL electrolyte also improved the film homogeneity.
We evaluated the charge-discharge performance of a LiNiMnCoO2 (NMC) high 
voltage cathode material in the highly concentrated IL electrolyte at 25 °C. At 130 
mAh gí1 after 200 cycles, the discharge capacity of the NMC cathode in 3.8 m LiFSI 
/ P111i4FSI at 1 C in the voltage range 2.8 –4.2 V (vs. Li/Li+) exceeds that in the 
conventional electrolyte, 1 M LiPF6 / EC + DMC (< 100 mAh gí1 after 200 cycles), 
probably owing to a low resistance at the electrode / electrolyte interface. Moreover, 
the rate capability of the cell with 3.8 m LiFSI / P111i4FSI is comparable to that with 1 
M LiPF6 / EC + DMC, especially at low rates. These results suggest that 3.8 m LiFSI 
/ P111i4FSI is a suitable electrolyte for lithium batteries utilising the NMC cathode. The 
improved transport properties of the phosphonium systems in comparison with their 
competitive ammonium counterparts (e.g. C3mpyrFSI) seem to generate a better 
performance.
7.2 What are the main challenges for the use of ionic liquid electrolytes in lithium 
batteries
Although highly concentrated FSI-based IL electrolytes using the LiFSI salt have 
shown superior rate capability in comparison to standard organic electrolytes, some 
challenges have been reported.
For example Wang et al. investigated the reactions between the pyrrolidinium IL 
C3mpyrFSI and charged electrodes (Li1Si, Li7Ti4O12 and Li0.45CoO2) using 
accelerating rate calorimetry (ARC) and reported that the IL was not safer than organic 
electrolytes.1
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Vijayaraghavan et al. reported exothermic and self-heating behaviours of FSI-based 
ILs above 200°C.2 Another significant issue when using the FSI- anion is the corrosion 
of aluminium current collector at 3.3 V vs. Li / Li+.3-4
Some other challenges have previously been reported when increasing the LiFSI salt 
concentration. In a study from Paillard et al. the presence of high amounts of impurities 
in the commercial grade of the LiFSI salt used was reported to be the cause of a 
reduction of the electrochemical cathodic stability in the IL C4mpyrFSI.5 Unlike 
studies which reported an increase in cathodic stability enhanced by an increase in Li 
salt content,6-7 Yoon et al. did not find any benefit from increasing the LiFSI 
concentration up to 3.2 mol.kg-1 in C3mpyrFSI towards the cathodic stability.8 The 
authors only showed the cycling performance of Li | LiCoO2 cells over 20 cycles. 
Further research is still needed on the cathodic instability and choice of optimal 
materials in FSI-based electrolytes.
In this research it was shown that the interaction between the NMC cathode film and 
the IL electrolyte has a critical impact on the overall Li cell performance and is strongly 
dependent on operating temperature. It is very interesting that the highly concentrated 
phosphonium IL electrolyte (3.8 m LiFSI in P111i4FSI) does not show any remarkable 
cycling ability at 1 C at 50 °C, but shows better cycling performance than an organic 
electrolyte at 25 °C. The search for alternate formulation components in cathode film 
formulations such as carboxylmethyl cellulose (CMC) as a binder in combination with 
the NMC cathode may improve the performance of the cells at elevated temperature.9-
10
7.3 Suggestions for future work
One of the main areas of focus for the next generation lithium batteries is their possible 
applications in the automotive industry (e.g. electric vehicles). Governments and car 
companies are pushing towards increased power range and reduced cost.11-12 Different 
research approaches are already based on the improvement of battery components in 
existing technologies whereas others consist of developing novel battery technologies. 
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Today one of the main trends is the development of high voltage cathode materials.13-
15 while there is still a need for novel electrolytes for high voltage applications. Several 
ionic liquids have been considered as potential promising electrolyte candidates, 
mostly based on the TFSI- anion and asymmetric FSI- analogues.16-18
Another important application that industrial partners are interested in is fast charging 
technologies (sometimes called pulse charging). Electrode performance rather than 
electrolyte performance has been reported as the main critical factor for fast charging 
capability.19-20
In this thesis the insights provided into the mechanism of lithium ion transport in 
highly concentrated IL electrolytes, the outstanding rate capability and cycling 
stability of lithium metal electrodes, the chemical nature of the film formed on lithium 
metal electrodes during cycling and the charge-discharge cycling performance of fast-
charging NMC cathodes will provide a better understanding in the importance of 
lithium transport in phosphonium ionic liquid based electrolytes and their potential 
contribution to further improvements as effective electrolytes for safe and durable 
lithium rechargeable batteries. Additional and continuing investigations for lithium 
battery applications using these quaternary phosphonium salts are in progress (e.g. 
silicon composite anodes). In particular a forthcoming publication on the cycling 
performance of silicon composite anodes in these phosphonium salts with high lithium 
content is not included in this thesis.
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